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INTRODUCTION 

This paper is an outgrowth of the second author’s 
intermittent study since 1931 of rock vegetation in 
southern Illinois and of the first author’s work, both 
extensive 1946 (Winterringer 
1949). 

The cliff-top habitats and vegetation here described 
are situated in the Shawnee Hills, formerly known as 
the Illinois Ozarks. The study areas lie along or 
near the main escarpment of the northward-dipping 
Caseyville sandstone (lower Pennsylvanian) which 
crosses the state close to latitude 37° 30’. At the top 
of many of the sandstone cliffs there is a nearly hori- 
zontal bare-rock shelf, usually only a few feet wide. 
In places there are several narrow ledges roughly 
parallel to the cliff-top, forming low steps with some 
accumulation of soil between them. At still other 
eliff-tops there are broadly rounded bare-rock slopes. 
Some of these attain widths up to 60 ft or more. 

Descriptions of vegetation on exposed rock sur- 
faces in North America are numerous, but most are 
brief. Relatively few of them include real evidence 
of specific changes of vegetation in successional 
Sequences starting on bare rock. Rocky areas which 
present conditions most nearly like those of southern 
Illinois ledges seem to be the flat-rock barrens of 
southeastern states, ably described by MceVaugh 
(1943). The descriptions by R. M. Harper, dating 
from as early as 1900, suggest that the bare rocks of 
a sizable outcrop, the patches of thin soil scattered 
over it (mostly at contacts between rock layers or in 
slight depressions), and the border of thin soil around 
the outcrop, together present a complex similar to 
that which occurs in smaller dimensions on southern 
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Illinois cliff-tops. The floristies are also somewhat 
similar as between southern Illinois and the piedmont 
Alabama or the Carolinas. Some- 


times the same species, and often similar species of 


of Georgia or 


the same genera occur in the widely separated loca- 
tions. Some of the “glade-rock” outcrops in south- 
ern Missouri also provide similar complexes of rock 
and thin-soil microhabitats and accompanying vege- 
tation-components. 

A review of American literature on plant cover of 
exposed rocks would include early papers on rock 
lichens such as those of Bruce Fink; the summary by 
Perez-Llano; many accounts of lichen and bryophyte 
Bryologist, 
3ul- 


and fern communities in Mycologia, 
American Fern Journal, Plant World, Torreya, 
letin of the Torrey Botanical Club, ete. There are 
several descriptions of cedar glades on limestone in 
Tennessee, brief accounts of “glade-rock” areas in 
Missouri, descriptions of shale and serpentine barrens 
in eastern states, the Laurentian region, and New- 
foundland. There are accounts of ridge-top outcrops 
such as those on Kittatinny Mountain (Niering 
1953). Specific mention may be made of the work 
of Cooper on Isle Royale (1912, 1913, 1928), Nichols 
in Connecticut (1914), Eula Whitehouse in central 
Texas (1933), Cox on James Peak, Colorado (1933), 
Polunin in the East Canadian Aretie (1940-1948), 
Oosting & Anderson in North Carolina (1937, 1939), 
and Oosting in East Greenland (1948). 

Early botanical studies in hills and canyons of 
southern Illinois were made by Andrews (1860), 
Engelmann (1865. 1866), Forbes (1870), French 
(1870, 1926), Vasey (1870), and Wolf. For most of 


these we have only scanty accounts in the Prairie 
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Farmer, the American Entomologist and Botanist, 
and in lists by Willey (1877, 1878), and by Wolf & 
Hall (1878). The first deseription of southern IIli- 
nois hills, cliffs, and ledges was presented ‘in a thesis 
by Gleason (1904). A botanical reconnaissance of 
southern Illinois was published by Palmer (1921) 
who gives (p. 135) a deseription of conditions and 
plants on dry cliff-tops which is remarkably informa- 
tive considering its brevity (7 lines of print). 

The authors are indebted to Dr. J. W. Thomson, 
Jr., University of Wisconsin, for identification of 
lichens. Names of vascular plants are as in Jones’ 
Flora of Illinois (1950); of mosses as in Grout’s 
list of North America (1940) and in the Moss Flora 
edited by Grout (1928-1940); names of lichens are 
as in Fink’s Lichen Flora (1935). 

Plant specimens collected during the study are de- 
posited in the University herbarium. As a_ by- 
product, some species not earlier known to occur in 
Illinois have been recorded (Winterringer 1951). 


AREAS OF STUDY 


The map (Fig. 1) of southern Illinois is based on 
geologic maps and on topographic quadrangles. 


County boundaries are shown in broken lines; names 
of counties, beginning with the northern row and 
reading from west to east, are Jackson, Williamson, 


For details see text. 


Saline, and Gallatin. The second row ineludes 
Union, Johnson, Pope, and Hardin. The three south- 
ernmost counties are Alexander, Pulaski, and Massae. 

The approximate boundary of the southern extent 
of the Illinoian glaciation is shown by a dotted line. 
The main escarpment appears on the map as the 
boundary between northern and southern divisions of 


Shawnee Hills. The divisions, shown by different 
hatchings and stipplings, are Northern Shawnee 


Hills, Southern Shawnee Hills, Cache Flats, Coastal 
Plain Hills, Thebes Hills, and the bottomlands of 
Ohio and Mississippi Rivers. The Northwest Hill 
District extends many miles beyond the area shown. 
(The designation Southern Illinois is more commonly 
used for an indefinite but much larger area than is 
shown on the map. It usually means something like 
one third of the latitudinal extent of Illinois, inelud- 
ing extensive plains north of Shawnee Hills.) 
Names of quadrangles are indicated by their initi- 
als in small eapitals in the lower left corner. The 
quadrangles, beginning at the upper left, are as 
follows: Murphysboro, Herrin, West Frankfort, Ga- 
latia, Eldorado, and New Haven. Second row: Alto 
Pass, Carbondale, Marion, Harrisburg, Equality, and 
Shawneetown. Third row: Jonesboro, Dongola, Vi- 
enna, Brownfield, Goleonda, and Cave-in-Rock. Last 
row: Thebes, Cairo, LaCenter, Paducah, and Smith- 
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land. The river joining the Ohio in the Paducah 
quadrangle is Tennessee River. Not far up the 
Ohio is the mouth of Cumberland River, in Smith- 
land quadrangle. The lower end of Wabash River is 
seen in the northeast corner of the map. 

The southwest corner of the map (and of the 
Thebes quadrangle) is at latitude 37° N, longitude 
89° 30’ W. North-south extent of each quadrangle 
is 15’ of latitude; east-west extent, 15’ of longitude. 

Towns within the map are shown by dots, with 
larger capital letters. Reading west to east within 
successive rows of quadrangles, the towns and vil- 
lages shown are: Top row: M Murphysbore; E El- 
dorado. Second row: GT Grand Tower, P Pomona, 
AP Alto Pass, C Cobden; C Carbondale; G Goreville, 
M Marion, C Creal Springs, N New Burnside, O 
Ozark; S Stonefort, M McCormick (a tiny village), 
C Carrier Mills, H Harrisburg; H Herod, D Derby 
(a mere location), E Equality, K Karbers Ridge; S 
Shawneetown. Third row: J Jonesboro, A Anna; 
B Buncombe, V Vienna, S Simpson, G Grantsburg; 
G Glendale, D Dixon Springs, E Eddyville, B Brown- 
field; G Goleonda, R Rosiclare, E Elizabethtown; C 
Cave-in-Rock. Fourth row: T Thebes, U Unity; 
C Cairo, M Mound City; M Metropolis. 

The rock-ledge localities studied are shown by 
small italic capitals, on or near the line of the main 
escarpment. From west to east: W Wing Hill, D 
Draper Bluff, C Cedar Bluff, R Round Bluff, RE 
Reynolds Bluff, S Simpson Bluff, CF Cedar Falls, 
J Jackson Hollow, BS Bell Smith Spring, BF Bur- 
den Falls, WH Williams Hill, W Womble Mountain, 
SD bluff south of Derby, BP Buzzard’s Point, HK 
High Knob, P Pounds, and (north of W) CH, a 
part of Cave Hill. The fault ridge projecting from 
the main body of Shawnee Hills north of their east 
end is cut by streams into three parts: Cave Hill, 
Wildeat Hills (WCH on the map), and Gold Hill 
(GH). 

Fig. 2, taken at Womble Mountain, gives an idea 
of the appearance of two common cliff-top habitats: 
bare-rock shelf, and patches of thin soil. Stunted 
treelets and bushes are usually isolated, as suggested 
here. 

ENVIRONMENT 
GEOGRAPHY OF SOUTHERN ILLINOIS 

Most of the southern Illinois hills are included in 
the western part of Fenneman’s Interior Low Pla- 
teaus Province. This western part, distinguished by 
R. F. Flint (1928) as the Shawnee Hills Section, in- 
cludes the southwestern part of the unglaciated area 
of southern Indiana and a much more extensive area 
in Kentucky. The Shawnee Section is recognized in 
Fenneman’s later work (1938) and is shown as 
Shawnee Hills Section in Fig. 2 of Physiographic 
Divisions of Illinois by Leighton, Ekblaw & Horberg 
(1948). The name dates back, as Fenneman remarks, 
to temporary occupation of the lower Ohio Valley by 
Shawnee Indians. The name of one of the oldest 


settlements in Illinois, Shawneetown, similarly re- 
ealls this tribe. 
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Fig. 2. <A salient ledge on south-southwest side of 
Womble Mountain, a flat-topped hill southeast of Harris- 
burg. Sept. 26, 1948. The bare-rock shelf is somewhat 
wider than average. Back of it in midground is a thin- 
soil area with dried annual grasses and small dicot herbs. 
The cliff here is too low to overtop the oaks at right, 
rooted in talus just below the cliff base. The tree-tops 
do not materially exposure of this particular 
ledge to sun and wind. 


reduce 


West of the main Illinois part of the Shawnee 
Hills Section, in southwest Jackson, west Union, and 
northwest Alexander County, the hill ridges trend 
differently and are of somewhat different rocks. This 
area is part of the Salem Plateau Section of the 
Ozark Plateaus Province and is called Thebes Hills 
on the map (Fig. 1). The Thebes Hills, with the 
northwestward extension of Shawnee Hills through 
Jackson County and into Randolph County, are more 
deeply covered with loess and show little or no de- 
velopment of bare ledges at cliff-tops. 

The Shawnee Hills form ‘a complex dissected up- 
land, underlain by Mississippian and Pennsylvanian 
strata of varied lithology ... The northern margin is 
drawn along a marked topographic boundary which 
lies along the inner fiank of the lower Pennsylvanian 
(Caseyville) cuesta just within the Illinoian glacial 
drift boundary, .. .” (Leighton, Ekblaw & Horberg 
1948: 31). The inner flank is a very slight dip slope 
to the north. Except for bold fault-ridges east of 
Harrisburg, the northern front is inconspicuous. 
West of Harrisburg the north slope of the main 
cuesta is so gentle that as one ascends it southward 
there is only gradual realization that a hill country 
has been entered. 

The high south edge of the loess-covered dip-slope 
forms the divide of the main east-west ridge of 
Shawnee Hills. The Delwood sandstone is close to 
the surface at the divide. It falls away in rounded 
slopes toward the level of the next sandstone, the 
Caseyville, not far to the south. Escarpments of 
this massive rock are in many places high and bold, 
and face mostly southward. At the tops of these 
cliffs are the ledges and rock-slopes of this study. 
The line of scarps extends from The Pounds, on the 
Gallatin-Hardin county line, westward to a little 
beyond Fern Cliff south of Goreville. They continue 
from northwest of Draper Bluff almost to Cobden. 
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Draper Bluff 
Adjustment 


Fig. 3. 


for Agricultural Administration on 


the Union-Johnson county boundary, at about 13,000 feet. 
These two 
They were isolated from it by erosion of the intervening area down to 
This intervening area is at right of picture; the bluff-tops are 
country to south and west is at a third, much lower level. 


west dimension of picture is about two miles. 
tops lie well south of the main ridge. 
the next hard stratum below the Caseyville. 
well above it; 


Most readers will not find it hard to get the stereo effect. 
card between the eyes, so that each sees only one photo. 
With a little practice the ecard is no long:?r needed. 


ing muscles. 


West of Cobden the line turns, trending northwest 
and west. It is hardly evident farther northwest 
than Pomona in southern Jackson County. The cliff- 
making strata are Pounds and Battery Rock sand- 
stones (Caseyville conglomerate and Lower Casey- 
ville conglomerate). Two butte-like isolated parts of 
the escarpment, Draper Bluff and Cedar Bluff, are 
shown in Fig. 3. 

One might fairly divide the Shawnee Hills of Illi- 
nois into a northern district or main ridge (including 
escarpments, canyons eroded into the ridge, the divide, 
and the dipslope or northern flank), and a southern 
district: everything south of the line of escarpments 
just described. Mississippian rocks, limestones al- 
ternating with sandstones, are the subtrata of this 
district. 

The southern district has its south boundary at the 
north edge of the broad Cache Flats. Some of the 
running south to the Cache 


principal streams 


Aug. 24 1938. 


Ecological Monographs 
Vol. 26, No. 2 


(above and Cedar Bluff, as seen in a stereo pair of vertical air photos taken 


The flight was north (to the right) along 
Print numbers are BHF-BGS-2-58 and 59. East- 


butte-like hills with slightly convex -soil-covered 


If at first the two images do not fuse, hold a 
Close the eyes once or twice to relax the converg- 


Flats also have bottoms of considerable width 
and length. The intervening remnants of higher 
country are thus more or less separated, each form- 
ing a tract of hills trending roughly north and south. 
Some parts of these hills are low and gently rounded, 
with some of their surfaces karst-like; other parts 
show bold cuestas with south-facing scarps. 

In the east part of the southern Illinois hills, there 
are numerous faults. Many of these trend northeast- 
southwest. A consequence of this faulting is the 
inclusion within the southern district (in Hardin 
and Pope Counties) of several sizable areas of Casey- 
ville sandstone. There may be additional localities 
with well-developed rock ledges within these areas, 
but thus far none have been found. 

The Cache Flats form a broad, deeply filled 
swampy bottomland, once the channel of Ohio River. 
Its western part is drained by the present-day Cache 
River, its eastern part by Bay Creek. Their channels 
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have long been joined, and deepened, by drainage 
ditches which have greatly lowered the usual level of 
ground water in this bottomland. The flat still con- 
tains notable remnants of cypress swamps and of 
other bottomland forests, with many coastal-plain 
species. It extends nearly across the state at its nar- 
row end, from the present Ohio River floodplain 
about nine miles south of Golconda, westward to the 
middle of Union County. There it curves southward, 
extending through Alexander and Pulaski Counties, 
again joining the floodplain of the Ohio a little north 
of Cairo. 

The country south of Cache Flats, between them 
and the Ohio, includes sizable areas of low hills 
formed of Pennsylvanian, Cretaceous, and Tertiary 
rocks, in places with an overlay of the “Lafayette 
Formation,” and deeply capped with loess. We have 
aot found in these hills any steep canyons, cliffs, or 
bare-rock ledges; nor thus far any surface rock more 
extensive than scattered slabs and boulders. 

Additional information on geography of southern 
Illinois will be found in publications of the Illinois 
Geological Survay, notably the geologic map (1945), 
and in the descriptions by Bonnell (1933, 1946) of 
places of special interest. 


CLIMATE 

The exhaustive summary of Weather Bureau 
records for Illinois by John L. Page (1949), with an 
analysis and a general description of Illinois climates, 
is the source of the following selection of figures for 
southern Illinois from Ohio River to the line of cities 
just north of Shawnee Hills (37° to 37° 45’). A 
few comparable figures for the northern third of II- 
linois (40° 50’ to 42° 30’) are added for contrast. The 
north boundary is in the latitude of southern New 
England; Cairo is farther south than most of Ken- 
tucky and Virginia. North-south extent of Illinois 
is 380 mi. 

Average temperature for January at Cairo is 
36.2° F, for July 79.5°. Average for the year is 
58.4°. For Dubuque, Iowa (opposite the northwest 
corner of Illinois) the figures are: 17.2°, 74.4°, 48.3°. 
Coldest January and hottest July: Cairo 21.0° F 
(1918) and 83.5° (1934); Dubuque 3.8° F (1912) 
and 82.2° (1901). Length of frost-free period in the 
south, 200 days at Anna, 213 at Cairo. In the north, 
150 days at Mt. Carroll, 173 at Aledo. Average an- 
nual amount of snowfall (one indication of degree 
of persistence of freezing temperatures): 9.9 in. at 
Cairo to 13.9 at New Burnside on the north flank of 
Shawnee Hills. In the north: 22.1 in. at Kanakakee 
to 35+ at Dubuque. 

Annual precipitation in the southern area: 41.63 
in, at Harrisburg to 47.43 at Anna. Most rain in one 
year, 74.50 in. at Carbondale in 1945. Least in one 
year, 25.33 in. at Harrisburg in 1930. Rainiest single 
months were January 1937, with 18.52 in. at Goleon- 
da, and June 1928, with 20.04 in. at Cape Girardeau, 
Mo. and 18.21 at Anna. The four months, March 


through June, have highest average rainfall, with 
March the rainiest month in 7 of 10 stations in the 





ROCK-LEDGE VEGETATION IN SOUTHERN ILLINOIS 





109 








area (April in 1, May in 2). Average precipitation 
for the wettest month in the 10 stations is 4.54 in. 
Page’s map for spring precipitation in Illinois (his 
Fig. 36, p. 49) shows the southern area as the part 
of the state with heaviest rainfall (12 to 13 in.). In 
southwestern Shawnee hills, spring rain exceeds 
13 in. 

For the rest of Illinois, annual precipitation de- 
creases irregularly from south to north, as shown in 
Page’s Fig. 21, p. 42. Lowest average rainfall per 
year in northern Illinois is 30.77 in. at Morris; high- 
est is 35.50 at Rockford. Proportion of summer 
rainfall is higher northward. 

Several effects of southern Illinois climate upon 
plants may be pointed out. The long growing season 
and the less-severe winter climate puts this area well 
within the geographic range of many coastal-plain 
and southern-upland species, some of which extend 
north 100 mi. or more beyond the head of the Mis- 
sissippi Embayment (which is at the south base of 
Shawnee Hills). This is especially true in the Wa- 
bash valley, where a native outpost of bald cypress 
reaches latitude 38° 50’. Mistletoe has at times 
reached nearly as far, but is recurrently set back by 
colder winters. 

Cliff-top vegetation is particularly sensitive to the 
considerable and moderately frequent fluctuations in 
rainfall. In all exposures, but especially in the drier 
ones where there is less soil and only seanty plant 
cover, heavier rains at any time of year are likely to 
wash some soil and some of the plants over the cliff. 
(An Opuntia plant was once found in a canyon- 
bottom close to the cliff-base.) In the drier sites 
ordinary hot dry intervals between even fairly fre- 
quent rains interrupt plant activities and retard de- 
velopment of both vegetation and Summer 
droughts are not infrequent: the records show in 
several instances no rain or only a trace in one month, 
and less than 14 in. the next month. Summer months 
with less than 1 in. of rain are fairly frequent. Thus 
both wet and dry extremes accentuate the severities 
of living conditions for cliff-top plants. Normal day- 
time summer air temperatures are high all over 
southern Illinois: the surface rock temperatures and 
adjacent air temperatures at exposed cliff-top sites 
are considerably higher, as some figures near the end 
of the next section illustrate. This, as well as the 
somewhat reduced summer rainfall, makes it under- 
that most rock-ledge plants grow and 
flower early. Middle and late spring is their time of 
peak activity. During summer heat and autumn dry- 
ness it is only in locally moist spots that lichens and 
mosses remain active. Except in these spots, most 
annuals have flowered and are dead and dried before 
the middle of June. 


soil. 


standable 


Sorts oF SHAWNEE HILLS 
Some understanding of the soils in Shawnee Hills 
may be had from the Illinois Soil Survey’s report for 
Jackson County, No. 55 (Norton, Smith, et al. 1933). 
Areas which include rock ledges are mapped as 
“sandstone outcrop.” Next above these, or above 
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narrow valleys of small streams, is soil type No. 5, 
“eroded silt loam in Ava areas” (i.e., areas with soils 
of the Ava series). The principal soil type of higher 
rolling surfaces of upland ridges is No. 14, “Ava 
silt-loam, mature phase.” No. 14 has friable, brown- 
ish-yellow silt-loam surface soil, 4 to 7 in. thick, with 
similar subsurface soil. The reddish yellow subsoil 
begins 8 to 13 in. down and is well drained. It is 
subject to severe erosion where cultivated, and was 
originally forested. 

No. 5, eroded silt loam, is characteristic of rough 
topography and usually of steep slopes, although 
where ledges are well developed, soil-covered slopes 
just back of them are mostly slight to moderate. 
There is little or no profile development because of 
rapid erosion. Texture varies from coarse silt to 
sandy loam. The color is yellow or reddish yellow, 
and reaction is slightly to strongly acid. 

The parent material of this eroded silt loam, as 
described in the Jackson County report (p. 9), is 
loess blown from the Mississippi bottom, as “indi- 
cated by a thinning out of the material in all direc- 
tions away from the bottom land.” Minimum thick- 
ness in Jackson County is given as about 4 ft; it is 
much less in counties farther east. It is likely that 
many hill areas, including some which adjoin rock 
ledges, have been so considerably eroded that no loess 
remains. Where soil adjoining ledges is distinctly 
gritty or stony it is likely that this is soil formed in 
place from Caseyville sandstone just beneath, per- 
haps with residual materials from strata above the 
Caseyville. 

Every considerable rain washes down more or less 
silt and sand as well as organic litter from soil slopes 
above the ledges. Some of this materia] is carried 
over the edge; some is left upon the bare rock or in 
shallow depressions in its surface, or may accumulate 
about or upon plants growing on the ledges. Much 
of this deposit is shortly afterwards removed by 
wind or by later rain-wash. 

The plant which is apparently most effective as a 
producer of organic debris which accumulates in 
places on ledges, is Juniperus virginiana. Many 
shrubs and treelets rooted in thin soil bordering the 
ledges, add their quota of leaf-litter to the ground 
just beneath. Where Vaccinium arboreum grows in 
dense, low thickets its fallen leaves form a humus 
layer up to 1.5 in. thick. Occasional fires in the 
Shawnee Hills, mostly man-made, are among destruc- 
tive agencies responsible for recurrent set-backs in 
accumulation of litter and soil on rock ledges and 
their thin-soil borders. 

Those parts of the Southern Shawnee District with 
limestone substrata show practically no surface rock 
and have fairly deep and fertile soils, partly under 
cultivation. Limestone slopes just below the Casey- 


ville esearpments are in most part still forested, and 
in certain open south-slope forests in such locations, 
many species of prairie plants are found. Soils over- 
lying sandstone in the southern district are mostly 
similar to those already described for southeastern 
Jackson County. 


Influence of underlying rock upon 
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soils is negligible in places where the loess cover is 
deep. 


Rock-Lepce HaApitats AND MICROHABITATS 

Several conditions in combination seem to favor 
best development of nearly horizontal bare-rock 
shelves at tops of cliffs. They are: (1) Presence of 
resistant cliff-making rock stratum of considerable 
thickness.—(2) Moderate to strong relief —(3) Ab- 
sence of thick overburden of till, loess, or sedentary 
soil.—(4) Slightness of angle of dip—(5) North- 
ward or northeastward dip, making it likely that 
many facets of the escarpments face south or west, 
giving strongly xeric exposure. 

(1) The thicker and more massive the cliff-making 
stratum, the more likely it is that the cliff will be 
high and nearly vertical. (Caseyville sandstone 
favors development of many high cliffs.) The higher 
the cliff, the less likely it is that trees rooted in the 
talus just below the cliff-base will be tall enough to 
shade the cliff-top, screen it from wind, and _ thus 
favor rapid development of soil, humus layer, and 
continuous plant cover just back of the cliff-top. 
Limestones in the southern district of Shawnee Hills 
are not so resistant as the sandstones above or below 
them, and do not form ecap-rock. There are some 
flat-topped limestone hills, and the rock is well ex- 
posed in road-cuts, but not under normal conditions 
of erosion. The tops of side-slopes are merely 
rounded off, rather than cliff-like. Consequently no 
limestone ledges are available for comparison with 
sandstone ledges. A few limestone cliffs near the 
Mississippi and near Ohio River (e.g. west of Cave- 
in-Rock) show discontinuous, narrow ledges at the 
top or at various other levels, but such natural plant 
cover as they may once have had has been destroyed 





in all places thus far observed. 

(2) The greatest observed local relief is in ‘the 
vicinity of Horton Hill, near the south end of Cave 
Hill ridge. From its top, at 980 ft above sea level, 
the surface slopes to the floodplain of a branch of 
Saline River at 380 ft, about 2 mi. distant. The 
cliffs are probably those of Draper Bluff, 
with very steep drop from 760 ft to 600. In places 
unbroken vertical faces are about 120 ft high. Well 
developed rock ledges can oceur with much less relief 
than this. 

(3) Cliff-tops located in territory of glacial de- 
posits almost invariably carry a thick burden of till, 
or of till and loess. In unglaciated southern Illinois 
hills, eliff-tops close to the Mississippi floodplain 
(souree of the wind-blown dust) are buried under a 
thick cover of loess. 

(4) In the Shawnee Hills, Caseyville sandstone 
shows in most places only small departure from 
horizontal. 

(5) Since the general dip of strata in Shawnee 
Hills is northward, the Caseyville esearpments mostly 
face southward. Some of the individual cuestas have 
high southern ends; each forms a roughly triangular 
salient, with apex directed southward, and two sides 
southeastward and southwestward. Wing 


highest 


facing 
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Hill, east of Cobden, is a good example. Although 
eanyon-wall escarpments face in all directions, as at 
Bell Smith Spring, more of the cliffs face southward, 
giving somewhat more xeric exposure and a better 
development of nearly bare ledges than would be 
likely with any other direction of dip except north- 
eastward. 

On all the above counts, rock ledges seem to be 
well developed along or within the south border of 
northern Shawnee Hills, but only at considerable 
distances from Mississippi River. In spite of this, 
many bluffs and steep slopes of Caseyville and other 
sandstones show comparatively little bare rock, and 
the tops of many vertical or very steep, bare cliffs 
are covered with soil to the very verge and are 
fringed with nearly continuous lines of junipers and 
oaks. Examples are those on the southeast side of 
a spur of Williams Hill (east of Gyp Williams Hol- 
low), and those just north of Route 146, 3 mi. west 
of Waltersburg. 

The following analysis of habitats and microhabi- 
tats of rock ledges and of bordering soil-covered 
areas is for conciseness put in the form of a key. 
Because environmental differences between level 
ledges and gently rounded rock slopes are slight, 
they are treated together. 


ROCK-LEDGE HABITATS AND 
MICROHABITATS 


ANALYSIS OF 


Habitats: relatively extensive surfaces 
Bare-rock surfaecés at cliff-tops; ledges and rock 
slopes. 
1. Fully exposed to sun and wind 
2. Moderately exposed; commonly partly shaded 
3. Least exposed; partly shaded, or with extra 
runoff 
Thin-soil areas or borders of ledges (or soil-covered 
cliff-tops) 
4. Fully exposed 
5. Moderately exposed 
6. Least exposed 
Microhabitats: too small to qualify as habitats 
Wet areas, mostly receiving runoff or seepage from 
above 
7. Wet soil-covered slope 
8. Dripways and wet rock surfaces (Fig. 4) 
9. Depressions accumulating extra water supply 
Areas not receiving extra moisture supply 
10. Thin-soil patches and borders 
11. Rock-erevices 
12. Depressions, mostly small 
13. Recesses between rock layers 
14. Bared rock; result of wind-throw, erosion, or 
death of plants 
15. Debris-covered areas under or’ near larger 
plants 
16. Interstices within plant cover 


Crevices, as here used, means joints or fractures in 
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Fig. 4. 
cliff-top at Burden Falls, May 18, 1948. The trickle of 
water seeps from soil border and moss mats just to the 
right of the area shown. The flow persists for several 
after a considerable — rain. Dripways vary 
enormously in width, and in volume and duration of flow. 


days 


planes approaching a right angle to the bedding 
planes. Most of them appear as vertical cracks in 
a horizontal surface. The recesses parallel to bed- 
ding planes, appearing in cliff-faces and on the risers 
of low steps where the cliff-top shows several levels, 
form microhabitats which are effectively different 
from crevices. 

In concluding this account of rock-ledge environ- 


ments, the heating effects of intense insolation in 
the more extreme exposures will be exemplified. The 


figures here given represent average summer condi- 
tions rather than those during exceptional drought 
and heat, as in 1936 and 1954. 

Measurements of surface temperatures were made 
at several times of day between June 11 and August 
17, 1948, on horizontal ledges exposed to full sun. 
Temperatures were found for bare rock, for sizable 
mats of the black (Grimmia) in thoroughly 
dried state, and for surfaces well covered with the 
common lichen, conspersa. An ordinary 
chemical thermometer was laid down and covered 
with an insulating pad of thick white felt (to shut 
off direct insolation). The pad was held in place 
until the thermometer bulb had had time to reach the 
temperature of the surface rock or of the plant; then 
the reading was made. Four sets of early afternoon 
measurements at different stations are summarized 
here. In each case a light breeze was stirring. Air 
temperatures at 4 ft above the cliff-top were be- 
tween 90.5 and 94.1° F (mean value 92.3, or 33.5° 
C). Rock temperatures (12 readings) were 111.2 
to 117.5° F. The black-moss readings (12) were 
118.4 to 122.9°. Parmelia readings (11) were 106.3 
to 111.2° F. The dark surface of Grimmia absorbs 
radiation more effectively than the brownish rock, 
and transmits heat into the rock only very slowly. 
The gray-green lichen is much lighter-colored than 
the rock, and reflects much of the solar radiation. 
Results are tabulated compactly : 


moss 


Parmelia 


EXCESSES OF SURFACE TEMPERATURE OVER AIR TEMPERATURE 
Lichen Bare rock Black moss 

Mean Max. Mean Max. Mean Max. 

oF 15.9 18.9 19.8 24.3 25.8 32.4 
a 2 8.8 10.5 11.0 13.5 14.3 18.0 
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This gives some idea of the toleration of high 
temperatures which is common in dormant mosses 
and lichens, and in many other rock plants and desert 
plants. 

It seems that a thick cushion of moss insulates the 
rock against both extremes of heating and cooling. 
A moist cushion would keep down rock temperature 
more than a dry cushion. A cover of light-colored 
lichens, by reflection in sunlight, and by less rapid 
heat-loss when temperatures are falling, would like- 
wise reduce the spread between extremes of rock 
temperature, and might lessen somewhat the possi- 
bilities of fracturing the rock by expansion and con- 
traction. This would seem to retard rather than to 
favor the disintegration of rock into soil, although 
other plant reactions may work in the opposite di- 
rection. 

A few other temperature readings were made at 
Round Bluff on June 11, on a bare thin-soil border 
of a ledge. This soil was dry and somewhat sandy. 
In ‘places with slight cover of organic debris the 
readings were 118° to 124° F (excess over air temp., 
26.1 to 30.3° F; or 14.5 to 17.4° C). Soil with no 
surface litter read 117° F. Temperatures within 
the stem-joints of Opuntia, when air temperature was 
92° F, were 109 to 117° F. Internal temperatures 
of Agave virginica were 102 to 109° F. 

A type of microhabitat which is strongly affected 
by insolation deserves special mention. In shallow 
rock-basins with no outlets, which hold water for a 
few days after rains, the bottoms are devoid of 
plants. This is attributed to day-time heating of the 
water and consequent very low oxygen content. 
Basins with outlets which have constant water level 
for several days also have bare bottoms, but they 
show a narrow marginal belt of lichens: the species 
which occur typically in drip-ways. Or, the side- 


walls of basins may be partially covered with Par- 
melia, as in Fig. 5. 





Small rock basin on cliff-top south of Derby, 
Depth is about 8 in. Depth of water 


Fia. 5. 
June 11, 1948. 


after rains is only about % in.: the outlet is at lower 
left. 
dry. 


When photographed, the bottom had long been 
The shrub at left is Vaccinium arboreum. 
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VEGETATION 
CoRRELATION OF HABITATS AND VEGETATION 
ELEMENTS 

In attempting to analyze the plant cover of the 
rock-ledge complex into synusiae or vegetation com- 
ponents or elemental communities, it was quickly 
found that the principal vegetation-forming species 
are quite unlike in requirements and in ways of using 
opportunities to colonize particular habitats or niches, 
Moreover, accidental events of dispersal, establish- 
ment, and survival (as well as destructive events 
which terminate survival) play a large part in 
changing the character of the plant mosaic, from 
spot to spot, and over successive years. Consequently, 
it was not possible to distinguish combinations of two 
or of several species that are frequent congeners and 
thus form synusiae. The elements of vegetation un- 
der these conditions are one-species components. The 
individuality of species so ably emphasized by Glea- 
son is particularly obvious here. 

Considering the flora of rock ledges (probably also 
the flora of any area of flat-rock barrens), it is like 
the floras of other environments unfavorable to plant 
growth. In these it seems that many families and 
genera are represented, with few or only one species 
in a genus, or even in a family. Thus on the rock 
ledges studied, 111 genera and 67 families are repre- 
sented in 145 species. The generic coefficient is 
111 /145 = 76.6%, a high value, as compared with 
published figures for this ratio of species to genera. 

The principal vegetation-forming species occur 
more frequently in certain habitats, large or small, 
as in the outline which follows. 

FULLY EXPOSED, GENERALLY XERIC SITES 
Ledges and rock-slopes——Parmelia conspersa forms 
Rinodina oreina is sparse; 


the only extensive cover. 
Grimmia olneyi tolerates 


Hedwigia ciliata is loeal. 
extreme exposure also, and is likewise a first colonizer 
(very sparingly in quite dry sites). 

Thin-soil areas—Cladonia caroliniana and C. pied- 
montensis form sizable patches in xeric sites. Grim- 
mia is more extensive in somewhat less dry exposures. 
Opuntia forms mostly small clumps. Sedum pulchel- 
lum is loeally abundant. Aristida dichotoma and 
numerous other dwarfed annuals occur scatteringly. 
These thin-soil areas, with 0.1 to 1.5 in. of silt cover- 
ing the rock, occur as isolated patches, also as the 
narrow outer margin of soil borders. Talinum parvi- 
florum, with short caudex and terete succulent leaves, 
is highly characteristic of thin-soil areas, though pres- 
ent in few localities. 

Soil borders—Numerous and herbs, with 
some mosses and lichens, are frequent in soil borders. 
Among them are Danthonia, Panicum huachucae, 
Nothoseordum, Viola rafinesquii, Lechea, Antennaria, 
and Phlox bifida, in various combinations. In even 
quite severe exposures, the soil is moist enough in 
spring for many of these small plants. Agave vi- 
ginica adjusts to soil depth with varying lengths of 
vertical stem-axis surrounded by leaf-bases. The 


grasses 
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thickened roots lie flat on the buried rock surface; 
the rosette of succulent leaves is spread out on the 
soil surface. Length of stem-axis is equal to soil 
depth (where bedrock is not more than about 6 in. 
below soil surface). 

Small or dwarfed woody plants, including Junip- 
erus, Vaccinium arboreum, and Ulmus alata, oceur 
in soil a few inches deep, in xerie exposures. Quercus 
marilandica is a constant tree or treelet in inner and 
deeper-soiled parts of xeric soil borders. @. stellata 
occurs similarly in a few localities. Vaccinium ar- 
horeum is the characteristic treelet (or shrub) of soil 
borders and is far more common in such sites on 
exposed cliff-tops than in other habitats of the dis- 
trict. It forms clumps and small thickets. 


Crevices—In some crevices Grimmia or Sedum 
pulchellum or Opuntia, oceur in varying degrees of 
abundance. Agave is infrequent. Aristida spp. 
and other annual grasses occur locally. Vaccinium 
arboreum and serubby junipers are only moderately 
frequent. In a very few places, small bushes of 
Ascyrum multicaule are in crevices near cliff edges. 
In the more xeric exposures, lateral spread of plants 


starting in crevices is very slow and uncertain. 

The lichen Dermato- 
carpon miniatum vy. complicatum is abundant in a 
few recesses. Cheilanthes lanosa forms narrow, in- 
frequent mats. (Cheilanthes feei has not been found 
in any of the sandstone localities, nor anywhere in 
Shawnee Hills. It does oceur in western and south- 
western Illinois, including Thebes Hills, on limestone. 


Recesses between rock layers. 


Its range is wide, including desert mountains of the 
southwest.)—Juniperus germinates in recesses, but 
survivors are few and dwarfed. 

Dripways.—These are wet streaks on gently sloping 
ledges, or narrow and flat outlets of small basins in 
the rock shelf. In some instances they are coated 
with algae. both of the lichens 
Peltigera canina v. and Dermatocarpon 
are densely spotted or form thin mats. 
locally abundant. 


In others, one or 
rufescens 
Grimmia is 


Wet soil—Where coneavities in the slope above the 
cliff-top concentrate greater amounts of water in soil 
borders, certain plants occur  characteristically. 
Phacelia purshii forms pure mats up to 35 sq ft, 
even in fully exposed sites. Krigia biflora and Krigia 
dandelion are locally abundant. Species of Carex 
are occasionally present. In moist rather than wet 
soil borders, clumps or patches of Uniola occur 
sparingly. 


MODERATELY EXPOSED SITES 


Ledges and rock-slopes—Parmelia conspersa forms 
extensive, and in places complete or nearly complete 
cover. Hedwigia is locally abundant. Grimmia is 
abundant; in places the cushions crowd one another 
or grow together over several square feet. One small 
mat of Selaginella rupestris has been found, at Bur- 
den Falls, 


Thin-soil areas.—Four species of Cladonia, C. caro- 
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liniana, C. piedmontensis, C. apodocarpa, and C. 
chlorophaea, are local but characteristic of this kind 
of site. C. rangiferina is locally abundant, common 
where Grimmia Leucobryum and Bryum 
argenteum are local. Sedum pulchellum forms open 
mats, in some of which Aristida or Agrostis elliot- 
tiana is local and sparse, in partly shaded spots. 
Locally abundant plants are Danthonia, Sarothra 
In some patches of 


occurs. 


gentianoides, and Crotonopsis. 
the last two, Polygonum tenue and (less commonly) 


Polygala sanguinea, oceur. 


Soil borders.—Polytrichum juniperinum forms siza- 
With or near them are 
No- 
thoscordum bivalve, Phlox bifida, Houstonia minima, 
and Viola rafinesquii are frequent and locally abun- 


ble mats in fairly moist soil. 
several species of Cladonia, and Leucobryum. 


dant. They are among the conspicuous spring flowers 
(early April through early May) of sunny cliff-tops. 
Danthonia and Andropogon virginicus each forms 
very small stands. Other plants are Carex pennsyl- 
vanica, Luzula echinata, Lespedeza, Tephrosia, Le- 
chea, Dodecatheon, Phlox pilosa, Cunila, Houstonia 
lanceolata, Antennaria, Liatris, Solidago drummondii. 
plants occurring sparsely in shallow 
cliff-tops include the 
same species found in more xerie borders (showing 
well as infre- 


The woody 
soil of moderately exposed 
somewhat more vigorous growth), as 
quent bushes of Rhus aromatica and Aseyrum, and 
occasional tangles of Smilax.—In deeper soil a little 
farther from the cliff edge, Quercus marilandica, Q. 
stellata, Q. coccinea (localities few), Carya glabra, 
and Diospyros are found, usually widely spaced. 
Since Q. velutina and Sassafras are in even deeper 
soil, though not much farther up the slope, they are 
not included in cliff-top lists. 


Crevices.—Agave is moderately frequent in crevices, 


Heuchera less so, and Talinum rare. Among woody 
plants, Juniperus occurs regularly, is sparse to nu- 
merous; some individuals reach moderate size. Many 
junipers whose sizable roots reach back under soil 
borders, probably germinated in crevices. The two 
Treelets of 
Ulmus alata, Celtis pumila (local and sparse, 3 to 5 
ft high), and Amelanchier, also are rooted in crev- 


Smilax species are locally abundant. 


ices. 

Recesses—Cheilanthes lanosa is highly characteristic 
of recesses in exposures. (Another 
rock-fern, Pellaea atropurpurea, is notably absent. 
It is characteristic of recesses of limestone outcrops.) 
Dermatocarpon is abundant, and Grimmia and Hed- 
wigia are moderately frequent in recesses. Juniperus 
abundant ; 


not-too-severe 


and Ulmus alata are sparse to loeally 
Celtis pumila is infrequent. 


Depressions.—Grimmia is so abundant as to form a 
characteristic vegetation in some depressions and in 
flat areas receiving more-than-usual water-supplies 
from the neighboring upland. Peltigera and Der- 
matocarpon are locally numerous to abundant. Sedum 
pulchellum, commonly dwarfed, forms solid patches 
in some very shallow depressions having 0.1 to 0.3 
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in. of silt over the flat bottom. Water stands over 
this silt for a short time after some rains. Small 
velvety cushions of Festuca octoflora are rather in- 
frequent. (These probably afford a record for 
density among seed-plants. The plants may be 
crowded at the rate of 800-1200/sq in., which is 
5-7.5 million /milaere, or 1.24-1.86 million/sq. m). 


Dripways and “dripway flats.’—Algae cover a few 
of the dripways on moderately exposed cliff-tops. 
Dicranum bergeri is sparse to locally abundant, form- 
ing small mats. An oceasional variant of this habitat 
is a flat of 3-20 sq ft or more, usually with narrowed 
outlet which is an ordinary dripway. There is 
hardly a definable difference between such flats and 
some small sites that can be called depressions. The 
flats also grade into moderately-moist thin-soil areas. 
In some flats are solid patches of Phacelia purshii, 
in a few others, less-dense growths of Penstemon 
pallidus. It may be supposed that before such drip- 
way flats are colonized they are at times bare rock; 
at other times they have a very thin layer of washed- 
in silt. If at such times seeds of Phacelia, Penste- 
mon, or other plants can germinate, the plants can in 
some cases accumulate more silt. If this continues, 
other plant species invade, and the site develops into 
an isolated soil-covered area, or may extend itself to 
become part of a nearby soil border. In the drip- 
way flats observed, a more common eventuality is the 
removal or partial removal of plant cover and soil 
by rain-wash during a heavy downpour.—In some 
other dripway flats with very little or no silt there 
are mats of Polytrichum or cushions of Grimmia, in 
places closely spaced; or colonies of one or several 
C. foliacea forms round bis- 
cuits 2-3 in. across. Old eushions die in the middle; 
the coneavity gives the cushion a doughnut-like ap- 
pearance. Its usual site is flat rock with moderate 
extra supply of water. 


species of Cladonia. 


Wet-soil areas.—Several species of mosses and 
various herbs occupy soils which are wet or moist 
during most of the spring and early summer. Heu- 
chera parvifolia, Allium canadense, and Dodecatheon 


meadia are representative plants. 

Interstices within plant cover—During dry periods, 
cushions of Grimmia and of Leucobryum, and mats 
of Polytrichum shrink and develop cracks in upper 
surfaces. Some of the cracks persist, and in some 
of them tiny grasses germinate (1-3 or 4 culms of 
Aristida per cushion; up to 12 or more of Festuca 
octoflora). The central hollows in cushions of 
Cladonia foliacea afford a similar microhabitat. In 
a few cases tiny annuals were present; in one cushion 
there grew a slender plant of Houstonia minima; 
from one other cushion a seedling of Quercus mari- 
Its survival was perhaps more 
Except 


landica was growing. 
unlikely than that of most oak seedlings. 


for this, there has been (on these moderately exposed 
cliff-tops), no suggestion that any further develop- 
ment of vegetation continues from so small a begin- 
ning of growth of higher plants. 
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Interstices between closely spaced cushions of 
Grimmia or of Cladonia foliacea might also provide 
opportunity for lodgment and germination of seeds, 
Where the cushions grow on rock, no plants have 
been found between them, but in some places where 
lichen or moss tufts are abundant on thin soil, small 
flowering plants are fairly frequent between cushions, 


LEAST EXPOSED CLIFF-TOPS 

Parmelia conspersa forms 
extensive cover, even in shaded situations. Hedwigia 
and Grimmia are more frequent than in exposed cliff- 


Ledges and rock-slopes. 


tops, and cover more of the surface. 


Soil borders are similar to those in moderate ex- 
posures, except that one or two species of shade 
plants are present in almost every well-protected soil 
border. These few shade-plant species vary widely 
in presence, frequence, and abundance. Among 
them are Mitella, Heuchera (two species), and 
Polymnia canadensis. 

Recesses—Dicranum scoparium is sparse to loeally 
abundant. Woodsia obtusa, Polystichum  acrosti- 
choides, and Dryopteris marginalis are frequent, lo- 
‘ally abundant. Asplenium platyneuron is moderate- 
ly abundant, Polypodium virginianum locally abun- 
dant. 

Depressions and seepway flats—Peltigera is abun- 
dant in drained depressions and wet rock flats. Der- 
matocarpon is frequent, in places abundant. Grimmia 
is local, usually sparse. It is especially subject to 
the recurrent rain-wash which keeps soil from ae- 
cumulating and prevents larger plants from becoming 
established. 

Wet soil—tIn many places, thick mats of Polytrichum 
juniperinum and numerous other mosses, with some 
lichens, deeply cover the cliff-top nearly or quite to 
the edge. Widely separated junipers and treelets of 
Amelanchier are present, and scattered herbs, as 
Krigia and Dodeecatheon. Danthonia grows locally 
on moss-mats. 

Interstices within plant cover—TIn breaks in mats 
of Dicranum or Polytrichum or Leucobryum, other 
mosses may start. Each of these is found in cushions 
of each of the others. Lichens also start in moss 
interstices, and may overgrow small parts of moss 
cushions. A few seedlings of higher plants, including 
Juniperus and Amelanchier, were seen in breaks of 
moss cushions, especially of Leucobryum. 


ABUNDANCE AND PRESENCE IN SIXTEEN LOCALITIES 

Problems of method in determining relative status 
of species are somewhat new as applied to a hetero- 
genous mixture of small patches of vegetation along 
a narrow cliff-top strip of bare rock, with adjoining 
border of thin soil. This vegetation is an incomplete 
mosaic of highly dissimilar elements. One of the 
procedures adopted was to map a few small areas 
on somewhat wider parts cf ledges. Each of these 
sample areas presents something like a representative 
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variety of some of the more frequently encountered 
components of the rock-ledge mosaic, and each in- 
dudes a part of the thin-soil border on the inner side 
of the cliff-top strip. The maps of sample areas and 
tabulations made from them are shown in the next 
section. 

Fairly definite judgments of relative abundance 
were formed in each of the sixteen localities most 
studied. These judgments, as applying to a locality 
as a whole, were organized into a “presence table,” 
in a form similar to that of association tables of 
European phytosociologists. Symbols used for de- 
grees of abundance are a abundant, m numerous, m 
moderate (or middle degree of abundance), s sparse, 
, very sparse. A set of idealized proportions among 
density classes was worked out, based upon small 
plants with average crown-diameter of two inches. 
At nearly 100% coverage in a pure stand, a near- 
maximum density would be 1800 per milacre. At 
450 per mle. a plant species of this size would still 
rate a abundant. (450 per mle. is about 10 per sq 
ft, or 111 per sq m) Density in the lowest class v 
was arbitrarily put at anything less than 1 per mil- 
acre. The other classes were evenly scaled between, 
geometrically, with these results: a 450 or more, n 
59-449, m 8-58, s 1-7, v <1 per mle. For larger 
plants, lower densities go with a given degree of 
abundance. This estimation of abundance can be 
fairly dependable over small areas. As applied to 
a “locality,” which may include many hundreds of 
feet of cliff-top, the assigned abundance is interpreted 
to be the more usual density of a species in those 
patches or spots in which it happens to be present. 

The original presence table, from which only sum- 
mations are here presented, has considerably more 
than the 145 species retained as truly belonging in 
the rock-ledge complex. Considering only these 145 
species, it was found that the number of species in 
one locality varied from 27 to 104, and that in each 
of 10 of the 16 localities, half or more of the species 
occur. 

To find relative importance of species in general, 
rather than in particular localities, a method of 
summing the scores for abundance was devised, using 
arbitrary numerical weightings for the five abundance 
classes, The weightings are: a (abundant) 16, » 
(numerous) 8, m (moderately abundant) 4, s 
(sparse) 2, v (very sparse) 1. (Actual disparity of 
numbers is much greater than the range 16 to 1; the 
aim is to avoid too high a summation for a species 
abundant or numerous in a few localities as com- 
pared with a species of lower abundance in a con- 
siderably larger number of localities. ) 

The resulting abundance summations provided a 
principal basis for recognizing 62 of the 145 species 
ag of major importance. For these, Table 1 gives 
ratings for both presence and abundance. Simple 
growth-form designations are added, in a column 
headed GF. The growth-forms are: T tree or treelet, 
t treelet, B bush or low shrub, V woody vine, S or s 
succulent, H perennial dicot herb, h annual dicot 
herb, G perennial grass or other monocot, g annual 
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grass, F fern (herbaceous), | lichen, m moss, P 
mat-forming pteridophyte (Selaginella). 


The heading of the next column is P, presence: 





TABLE 1. Presence and abundance of 62 species in 
16 localities. See text for description of column head- 
ings. 

Species GF) Pol 8S) S/Pi az 
Parmelia conspersa. Bre ] 16 |224 {14.0 | a— 
Pclytrichum juniperinum... . m | 15 /124 | 8.3 | n+ 
Juniperus virginiana ; seoet 2 | SORES | £0 | 2— 
Quercus marilandica 443 T | 16 |114 | 7.1 | n—- 
Sedum pulchellum ere s | 16 |108 | 6.8 | n— 
Grimmia olneyi 24 m | 14 108 | 7.7 | n— 
Cunila origanoides.... bos rone H | 14 |104 | 7.4 | n— 
Agave virginica. . . ceocsel & | 2 HOO 7.1 | p= 
Rhus radicans..... ; V | 15 | 96 | 6.4 | n— 
Asclepias verticillata . case] Se} 82) OS) 2.0 mn 
Ulmus alata... ....-| LT | 16 | 92 | 5.8 | m+ 
Diodia teres......... en h | 14/ 90 | 6.4 | n— 
Vaccinium arboreum. . wees t 15 | 88 | 5.9 | m+ 
Nothoscordum bivalve... ...... G | 13 | 88 | 6.8 | n— 
Antennaria plantaginifolia.......| H | 14 | 85 | 6.1 | n— 
Da h | 12; 8 | 7.1 | n—- 
Rhus copallina.. . : B | 14 | 84 | 6.0 | m+ 
Houstonia lanceolata H | 12 | 84 | 7.0 | n— 
Crotonopsis elliptica............| h | 12 | 84 | 7.0 | n— 
Sarothra gentianoides . h | 12} 84 | 7.0 | n— 
Amelanchier arborea........... t 15 | 81 | 5.4 | m+ 
Hedwigia ciliata....... m} 11 | 78 | 7.1 | n— 
Plantago aristata. . . : .| h | 11 | 76 | 6.9 | n— 
Sisyrinchium albidum...........| G | 10 | 76) 7.6 | n- 
Diospyros virginiana... oats t 15 | 72 | 4.8 | m+ 
Ruellia humilis................| H | 10 | 70 | 7.0 | n— 
Oxalis violacea. .. . ....-| H| 14] 68 | 4.9 | m+ 
Polygala sanguinea........ H| 9/ 68 | 7.6 | n— 
Opuntia rafinesquii.............| S | 15 | 66 | 4.4 | m+ 
Hedeoma pulegioides......... h 13 | 66 5.1 | m+ 
Lechea tenuifolia. Se H | 11 | 66 | 6.0 | m+ 
Leucobryum glaucum... . se m | 11 | 64 5.8 | m+ 
Cladonia caroliniana.... . A e?- l 10 | 60 | 6.0 | m+ 
Lepidium virginicum.... oR 9 | 60 | 6.7 | m+ 
Bryum argenteum..............| m| 8 | 60 | 7.5 | n— 
Cirriphyllum boscii. . . . ..eee-} m| 12 | 58 | 4.8 | m+ 
Ambrosia bidentata. . . us ot OM 8 | 58 | 7.3 | n— 
Specularia perfoliata............| h | 14 | 56 | 4.0 | m 
Woodsia obtusa............... F | 11) 56} 5.1 | m+ 
Croton monanthogynus..........) bh 7 | 56| 8.0 jn 
Andropogon virginicus. . . .... G] 13 | 50 | 3.9 | m— 
Viola rafinesquii........ es] B | TE | | 4.6 | m+ 
Cassia fasciculata. . . erkes .| h 8 | 50! 6.3 | n— 
Cladonia apodocarpa.... . aq oe 10 | 48 | 4.8 | m+ 
Dicranum bergeri............... m| 9 | 48/ 5.3 | m+ 
Crotalaria sagittalis............. h 8 | 48 | 6.0 | m+ 
Dodecatheon meadia............ | H | 12] 45 | 3.8 | m— 
Polygonum tenue............... h | 11 | 44 | 4.0 |m 
Smilax bona-nor............... V| 9} 44 | 4.9 | m+ 
ge V {| 1i | 42 | 3.8 | m-— 
Agrostis elliottiana..............| g |10| 40 | 4.0 |m 
Cladonia foliacea............... ] 6 | 40 | 6.7 | n— 
ee | t | 11} 39 | 3.6 | m— 
Rhus aromatica................| B 7 | 32 | 4.6 | m+ 
Danthonia spicata.............. G | 14} 30} 2.1 | s+ 
Cheilanthes lanosa.............. F | 14 | 28 | 2.0/s 
Dermatocarpon miniatum........ | | 10 | 28 | 2.8 | s+ 
Guevrous slelidla. . . 2... 6 cscs ss “i 7|28|)4.0|m 
Polypodium virginianum,....... F | 12 | 24/ 2.0 /s 
RANOGING OFEING...... ec ec ces | | 12 | 24/}2.0/s 
Cladonia rangiferina............ ] 7 | 23 | 3.3 | m— 
ee, a re | 2 32 22) 20 1 2 
Average species, main list.......|.... 111.8) 68 | 5.8 | m+ 
Average species, 2d list... .. sisleess| Seer ae | 2.60) a 
Average for all 145 species......)....| 8.0) 36 | 4.5 | m+ 
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Fig. 6. 


Seven ‘‘plot-maps’’ of particular cliff-top sample areas or stations. 


Moy 10, 1948 


Round Bluff. 


Names corresponding to 


letter designations, and names of plant species corresponding to symbols used, are on the facing page. The 


plots as shown are one-fourth-milacre squares, each 3.3 ft. on a side. 


For analysis, these plots were sub- 


divided, each into four %¢-mle. plots. Details are described in the text. 


number of localities among the 16. Next comes a 
column headed S, sum of abundance scores. It is a 


rough measure of relative importance, taking into 
account number of localities, abundance, and (at least 
in part) size of plants, since a species of large 
plants is assigned a given abundance class with lower 
density than is required for one of small plants. The 
next-to-last column is headed S/P; it is the mean 





abundance score for the species in only those locali- 
ties in which it occurs. The last column, A, is the 
same, translated back to a letter symbol, with minus 
or plus sign appended if appropriate. 

The last three lines of Table 1 give mean values 
for these 62 species (the “main list”), for the 8 
other species (those of lesser importance, the “second 
list”), and for all of the 145 species. An imaginary 
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TABLE 2. Presence and summed abundance of 21 species of the 83. 





Species (GF) Ps Species iGF; P| 8 Species GF; P| S 
Festuca octoflora.........| g | 9 | 44 Dentaria laciniata.......| H 8 | 32 || Houstonia minima...... h ©) -i5 
Allium canadense....... |G! 8 | 44 Unicla latifolia.........| G 8 | 28 || Aristida dichctoma...... g I) 
Carex rosea.............| G 6 | 40 || Sorghastrum nutans.....| G 6 | 24 || Andropogon scoparius. . i 9; ll 
Brachythecium oxycladon.| m | 10 | 38 || Peltigera canina........ | ] 8 | 22 | Penstemon pallidus... .. H 8 | 10 
luzula echinata......... | G | 7 | 38 || Hieracium gronovii......) H | 11 | 22 || Mitella diphylla........ H 8 8 
Cardamine arenicola..... | H| 9 | 37 || Rhus glabra............ | B 9 | 18 |) Talinum parviforum....| § : : 

| 


Entodon seductriz.......| m | 10 | 36 || Krigia biflora.......... | H| 9 | 18 || Selaginella rupestris..... P 





“average species” can be used as a norm to which Locations of these areas may be seen on the general 
actual species may be compared. Only pinweed map (Fig. 1). In the vegetation-maps, north is at 
(Lechea) and white moss (Leucobryum) closely ap- the top. The heavy line is the edge of the cliff-top. 
proach the average for the main list. Only four The moderately heavy broken line is the boundary of 
species are consistently abundant enough in all their the “soil toe,’ the outer edge of the soil border. 
localities to rate n or higher, and only two of these Lighter lines are used for crevices, and for well- 
also have a really high score for presence. Nineteen defined boundaries of vegetation mats, of small is- 
of the 62 species exceed the average in all three lands of thin soil, of depressions or abrupt small 
numerical values of the table. Except for these, differences in level, and of various microhabitats. 


there is poor to only-fair correlation between pres- The ruled grid marks squares 3.3 ft on a side; each 
ence (P) and abundance (S/P). square is 14 milacre, or 10.89 sq ft, or 1.0115 sq m. 


The plant cover is suggested by symbols for particu- 
lar species: capital letters for vascular plants, lower- 
Of the 83 species of the second list, only one case for mosses and lichens. Symbols for individual 
reaches any of the average values for the first group trees are enclosed in solid-line circles; for treelets 
(Carex rosea: S/P=6.7). <A selection of 21 of and shrubs, in broken-line circles. Symbols for 
these minor species appears in Table 2, in which only — small-plant species’) do not represent individuals; 
P and § values are given. Although Talinum and they merely show which parts of a sample area are 
Selaginella have very low scores, they are included more or less covered with plants of a particular kind. 
for their characteristic occurrence in thin soil or on Their spacing suggests relative density. 
rock. Tabulated data from these plot-maps of sample 
areas contributed to the estimates of abundance for 
many species, and were the basis of studies of fre- 


PRESENCE AND ABUNDANCE, SECOND LIST 


Maps oF SAMPLE AREAS, WITH FREQUENCE TABLES 
Maps SAMPI AREAS, W FREQU TABLE 


Vegetation maps of a few representative areas on quence. For frequence, two plot sizes %4 and 
ledges (Fig. 6) were sketched to scale in the field. 146 milacre, were used. 





Key to symbols for plant species 


Symbols appearing on more than one map 





ee Cladonia caroliniana JV Juniperus virginiana pe Parmelia conspersa 
ef C. foliacea KD Krigia dandelion poe Polytrichum juniperinum 
CL Cheilanthes lanosa LC Lespedeza eapitata QM Quercus marilandica 
CV Cerastium vulgatum OR Opuntia rafinesquii ro Rinodina oreina 

DS Danthonia spicata P Penstemon hirsutus SP Sedum pulchellum 
DT Diodia teres PB Phlox bifida UA Ulmus alata 

go Grimmia olneyi VA Vaccinium arboreum 
South of Cave Hill SCH Bell Smith Spring BS Draper Bluff DB 

HM Houstonia minima AP Antennaria plantaginifolia HP Hedeoma pulegioides 
LT Lechea tenuifolia CO Cunila origanoides 

NB Nothoseordum bivalve er Cladonia rangiferina 

PH Panicum huachucae DB Draba brachyearpa 


he Hedwigia ciliata 
HL Houstonia lanceolata 
LE Luzula echinata 


N. of Round Bluff NRB Cedar Bluff, June 12 CBE 


SA Sisyrinchium albidum AA Amelanchier arborea 
AM Asecyrum multicaule 
CG Carya glabra 

HG Hieracium gronovii 

PD Panicum depauperatum 

TV Tephrosia virginiana 


118 G.S 
Cedar Bluff, May 12 CBW 
AG Acalypha _ gracilens 


CP Carex pennsylvanica 
SN Solidago nemoralis 


Notes on the sample areas—SCH: South of Cave 
Hill. The cliff faces mostly northwest at the place 
studied. Area mapped is 5.1 mle. (milaeres), with 
12 species of plants. The stunted blackjack oak 
(QM) lightly shades part of the area in the morning; 
there is no afternoon shade. The inner part, south- 
east of the double line, has 1-3 in. of soil except over 
the four islands of rock surface with lichens (ro and 
pe). The stump of a small juniper, cut some years 
earlier, is shown as JV. 

RB: Round Bluff. This southward-projecting 
salient is partly bare, with small patches of thin soil 
varying its surface. On these patches are rather 
dense growths of herbs or Grimmia (go). Roots of 
the junipers and winged elms (UA) shown below 
the broken line (south of it) extend back into the 
soil border north of the line. Such trees and treelets 
with one-sided root systems lying flat on the rock, 
have in some other places been wind-thrown, possibly 
in some cases following partial uncovering of their 
roots. There may be at this station a suggestion that 
the soil border earlier extended farther south, cover- 
ing more of the area of the salient—On 6.1 mle. of 
the salient (excluding the soil border) there were 17 


species. 
CBW: Cedar Bluff, southwest-facing  cliff-top 
(May 12). Junipers and winged elms (mostly 


small) on the east side in the soil border, give morn- 
ing shade. The inner rock area with Parmelia (pe) 
is about 1 in. lower than the Rinodina area (ro). 
On a thin-soil island about 9 ft long, Cheilanthes 
(CL) and 8 species of dicot herbs are shown. The 
hatched area near the edge is a depression, two inches 
deep. At the time of mapping it had in it standing 
water but no plants. Two shallower depressions 
shown at northeast probably hold water briefly, and 
are also quite bare——On 2.6 mle., including a very 
small part of the soil border, 13 species. Outside the 
border, 2.2 mle. with 11 species. 

CBE: Cedar Bluff, south-southeast-facing cliff-top 
(June 12) (See Fig. 7). The ledge has two divisions; 
the inner one (above the two lines) is 6 in. higher. 
The pignut hickory (CG) and tree huckleberries 
(VA) outside the soil-border proper, are in a thin- 
soil area; elsewhere this upper level of rock-shelf has 
very little soil. Just below the 6-in. drop, dwarfed 
Amelanchiers (AA) and Vaceiniums (VA) are 
rooted in a_ soil-filled recess. The lower level is 


generally soil-covered, with a few trees, many herbs, 
and a mossy southeast edge, partly shaded by trees 
rooted in the talus below the cliff—Twelve species 
oecur in 6.05 mle. 

NRB: North of Round Bluff, southward salient. 
In the outer edge of the soil border where Sisyrinchi- 
um and Diodia (SA and DT) oceur, average soil- 
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Round Bluff RB 


AV Agave virginica 

ea Cladonia apodoearpa 
FO Festuca octoflora 

GC Geranium earolinianum 
TP Talinum parviflorum 


Fic. 7. Part of one of seven stations used in fre- 
quence studies: CBE, Cedar Bluff, south-southeast-facing 
cliff-top (see Fig. 3). This ledge with no sizable bare- 
rock area is partly sheltered by trees higher than. the 
cliff. Soil is sandy, in most places several inches deep. 
The bushy herbs are Tephrosia virginiana. Small buneh- 
grasses in foreground, and a treelet of Carya glabra at 
left, also show. 


depth is 1.5 in. The blackjack oak and juniper are 
in soil almost as shallow, but their roots extend back 
into deep soil. They east some shade over the fair- 
sized mat of Polytrichum (poc). The thin-soil area 
with Krigia and the two Cladonia species (KD, ec, 
ef) has about 34 in. of silt. The Parmelia is on 
rock with no soil. The Grimmia (go) is on a round- 
ed slope which steepens into the cliff-face. The 
upper, less-sloping part is a pitted surface. Small 
cushions of Grimmia oceupy many of the pits. The 
two blank areas at right are shallow depressions 
which may once have held a soil.—The soil border 
oceupies 1.60 mle. Outside (below) the broken line, 
7 spp. in 3.85 mle. 

BS: Bell Smith Spring, southward salient. The 
west side is dry rock with only partial cover of 
Parmelia. In addition to one juniper, treelets of 
Vaccinium arboreum, and herbs, the irregular soil- 
bdrder area has a mat of Polytrichum. A sizable but 
shallow depression with Cheilanthes (CL) is bordered 
by the moss Hedwigia (he).—Of the 14 species in 
2.25 mle., a number are localized in the soil border at 
upper right. The northeast square has 9 species; 
it? south half 8 species; its southwest quarter (‘46 
mie.) has 6 species. ; 

‘DB: Draper Bluff, eastward salient, shaded 
afternoon by large juniper. An unusually extensive 
open growth of Rinodina (ro) is replaced at the 
north (on a slight convexity) by Parmelia. In two 
erevices are a few plants of Danthonia (DS). Very 
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thin silt outside the soil border is thickly grown over 


with annuals, mostly Sedum pulchellum (SP).— 
Seven species occur in 1.5 milacres. 
Frequence—Frequence data were obtained from 


seven plot-maps for particular cliff-top stations. De- 
tailed tables were prepared for two plot-sizes, %4 
mle. and 46 mle. Separate tabulations were made 
for bare-rock and thin-soil parts of each sample area, 
except the one at Cedar Bluff which lacked a sizable 
bare-rock part (CBE). Of the table for soil- 
covered areas, details are shown for only 22 of the 
43 species. Because the degree of exposure is not 
uniform over all parts of some of the sample areas, 
the stations do not appear in the same order in the 
table for bare rock as in that for soil borders. The 
degrees of exposure to sun and wind are designated 
X, C, M, and L (xerie extreme, considerably xeric, 
moderately xeric, less xeric). 

Of the 47 species appearing in the plot-maps, most 
ean be definitely assigned either to rock surfaces or 
to thin-soil areas. One species, the Danthonia, ap- 
pears in the tables for both kinds of surface. In 
bare-rock areas it is localized in a few crevices; in 
soil-covered parts it is somewhat more frequent. 
Several species of Cladonia and one moss, Polytri- 
chum, though placed in the table for soil-covered 
areas, seem commonly to initiate their growth on 
those rock surfaces over which a film of water trickles 
for some time after rains; they tend to accumulate 
a very thin layer (one to several millimeters) of silt 
or of finely divided plant debris. In places there 
are intervals of bare rock between nearly adjacent 
small cushions of these plants. These lichens and 
Polytrichum (and in places Grimmia and Hedwigia 
also) may be considered as frequently occupying 
microhabitats intermediate between soil-less and soil- 
covered areas. It is convenient to include them in 
the table for soil-covered areas. 

(Here, incidentally, is the suggestion of a continu- 
um of environments and of a correlated progression 
of microcommunities. These could be schematically 
arranged along a gradient in which a principal vari- 
able is soil depth. They would form, however, not 
a lineal series, but a complex. The same is probably 
true of most other mental syntheses of communities 
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along environmental gradients. The actualities are 
more complicated than the described gradient and the 
described vegetational sequence which parallels it.) 

The frequence tables and the plot-maps for the 
seven stations supplement each other, and should be 
examined together. The names of the stations, shown 
by symbols in the tables, are: BS Bell Smith Spring, 
RB Round Bluff, NRB North of Round Bluff, CBW 
Cedar Bluff (southwest-facing cliff), CBE Cedar 
Bluff (south-southeast-facing), SCH South of Cave 
Hill, DB Draper Bluff. 

Although the tables for the 1,-milacre plot size 
are not presented, the summarized findings for that 
size are added to Tables 3 and 4. In these tables both 
stations and species are arranged in a sequence of 
progressively less xeri¢ exposure, as judged for the 
species from their relative frequence in the array of 
Each figure in the body of the table is a 
the number of plots in 


stations. 


number of “occurrences,” 
which a species was recorded within a particular sta- 
tion. At the bottom are summarized figures for the 
stations, and at right the summaries for individual 
species. 

Frequence percentages express the proportion of 
plots occupied by a species within a stand or sample 
area. If a species occurs in several similar though 
separated stations, the average frequence in these is 
presumably more informative than the value in a 
single station. Hence the column “Ay. F% in its 
stations,” i.e. in only those stations which have that 
species. The designation “PF% in 222 plots” sug- 
gests a combination of presence and frequence; it is 
the proportion of representation in all plots of a 
set of stations, including stations which do not have 
that species. The PF value is considered to give a 
truer appraisal of the status of a species within a 
type of community than an F value applying within 
a single stand. It should similarly be more informa- 
tive than an average F value for some of the stands 
of a set. 

In the bare-rock parts of the six stations (Table 
3) only the first species occurs in more than half of 
the 222 plots. The low PF of the other 
species is an index of the incompleteness of plant 


seores 


Occurrences in 1/16-mle. plots. 





1/16-muc. PLots | 1/4-muc. PLots 


Station........| BS RB | NRB|CBW| SCH | DB | Sumof | av. F%| PF% |av.F%| PF% 
Exposure...... | X | X x C C M oceur- | inits | in 222 | in its in 82 
No. of plots....; 24 | 71 | 33 38 36 20 rences | stations| plots | stations| plots 
Species 
Parmelia conspersa............. | 12 19 19 32 28 6 115 52 52 67 67 
Hedwigia ciliata................ | 9 . 9 38 4 44 5 
Grimmia | ee eae 20 18 Sat ei . 38 37 | a 27 
Rinodina oreina................ = 12 8 10 30 32 14 38 17 
Danthonia spicata.............. | 2 | 2 10 1 25 2 
Sum of occurrences..........| 21 39 37 | 44 


Av. F% per species......... 44 


36 18 | 194 
50 | 30 os 
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Station........| BS |CBW|SCH| RB 
Direction...... Ss SW | NW S E 


Exposure...... x C Cc M M 
No. of plots....| 15 24 48 33 10 
Species 
Cheilanthes lanosa....... 9 2 1 = Sd 
Juniperus virginiana..... le ee 1 3 1 
Danthonia spicata........ ‘ 6 3 
LS eer 6 ; 2 
Houstonia minima....... = Me 17 
Nothoscordum bivalve... .. — oe 11 
Phlox bifida.........+...- 2 3 
Opuntia rafinesquii..... eee 2 5 
Talinum parviflorum..... Aesee 5 Re 6 
Agave virginica ee ee = iS. 5 cs 
Sedum pulchellum........ 2 9 9 
Cladonia caroliniana..... ae - a 20 
Cladonia foliacea N eee - 18 22 
Lt eee os 2 _ 3 
Vaccinium arboreum..... 3 ; 
Polytrichum juniperinum . 2 ag 
Quercus marilandica..... . 1 1 
Krigia dandelion 
Tephrosia virginiana. .... 
Hieracium gronoviit....... 
Amelanchier arborea... . 
Ascyrum multicaule . 
No. of species........ 12 11 10 16 4 
Sum of occurrences...| 33 35 66 96 16 
Av. F°% per species...| 18 14 24 18 40 


DB | NRB| CBE 


1/16-muc. PLots | 1/4-muc. Pots 


Ss SSE | Sum of | Av. F%| PF% | Av. F&% PFY, 
L L occur- in its in 257 in its in 83 


34 93 


rences | stations plots | stations plots 


12 14 5 ly 6 
1 He 12 8 5 | @ 14 
9 20 12 8 25 | 16 
8 14 3 26 7 
17 35 7 53 10 
11 23 4 47 8 
5 9 2 13 4 
7 9 3 14. | 5 
6 18 2 29 | 5 
5 15 2 71 4 
20 30 8 41 13 
15 35 52 14 62 19 
29 69 60 27 80 40 
10 15 16 6 26 1] 
me 8 11 10 4 28 10 
3 25 30 21 12 39 19 
1 3 6 3 2 9 7 
8 19 27 21 11 44 19 
36 36 39 14 58 17 
15 15 16 6 33 10 
4 4 4 2 13 4 
4 { } 2 13 4 
8 12 
75 131 452 
28 12 





cover, and of the slight significance on exposed dry 
rock of plants other than Parmelia conspersa. 

In comparing stations, one might expect less 
sparse cover and less impoverished representation of 
species in the less extreme exposures. This is con- 
firmed in the numbers of occurrences per 6-mle. 
plot for the first three stations (xerie extreme) and 
for the remaining three (considerable and moderate 
exposure). Occurrences per plot are respectively 
0.75 and 1.03. 

In Table 4, F and PF values are probably not de- 
pendable for any species occurring in fewer than 
three of the seven stations. Of the 21 species not 
listed in the table, 7 oceur (each) in only two of the 
257 \46-mle. plots, 3 species in only one plot. Aver- 
age PF% for the 43 species is 10.51; for the 21 
species in low frequence, 1.43. 

In general, PF values are low. The species with 
highest scores, Cladonia foliacea, reaches 27% in \6- 
mle. plots. Only five species occur in more than 
one-fourth of the small plots in their stations (F% 
exceeding 25). A. characteristic of the rock-ledge 
vegetation which helps to account for these low 
ratings is the common occurrence of many species in 
miniature pure stands, as may be seen in the plot- 
maps. Though a species ean be locally abundant in 
some of the plots, it is absent from most of them. 
This patchy distribution of one-species components 
is prevalent also in bare-rock parts, where there are 
many small and larger areas with no plant cover. 

A comparison of the first three stations in Table 


4 (those having more xeric exposure, X and C) with 
the other four (M and L), gives these average num- 
bers of occurrences per small plot in the soil-covered 
parts: 1.54 in the more exposed, 1.87 in the less ex- 
posed. Comparison of the average for bare-rock 
parts of six stations with soil-covered parts of the 
same six, gives: bare-rock 0.87, soil 1.96 occurrences 
per plot (soil in seven stations, 1.76). 

From a study of characteristics of the different 
stations, appearing in part at the bottom of Table 4, 
it seems possible that there may be correlations 
among some of the four variables noted. These are 
degree of exposure, extent (number of plots), rich- 
ness of composition (number of species), and aver- 
age frequence per species (whatever more general 
characteristic this may reflect). It would require 
a study of many more than seven stations to give 
dependable results. However, from some simple dia- 
grams made, these tentative findings are indicated: 
(1) There is a rough correlation between number of 
plots and number of species. This is the familiar 
species-area relation. (2) There is a fair degree of 
negative correlation between number of species and 
average F% per species. This is taken to mean that 
the more numerous the species competing within an 
area may be, the smaller is the proportion of plots 
within which any one species ean oceur. (3) There 
is perhaps a slight negative correlation between num- 
ber of plots in a station and average frequence. This 
may mean that the larger an area, especially one s0 
varied as the cliff-tops studied, the less likely it 18 
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that a species can be generally enough distributed 
to attain a high seore in frequence. (4) No correla- 
tion has been discerned from these seven sample areas 
between degree of xerophytism and any of the other 
variables mentioned. (There is, however, as the body 
of Table 4 suggests, a progressive variation in species 
composition with difference in exposure.) 


SUCCESSIONS IN ROCK LEDGES AND 
ADJOINING SOIL BORDERS 
OLDER IDEAS OF SUCCESSION ON Rock 


As a prelude to the account of observations in 
southern Illinois, statements are presented from three 
authors who adhered to the belief in a 
definite and presumably uninterrupted sequence of 


classical 


development on rock, starting with crustose lichens, 
then larger lichens, mosses, herbs, shrubs, trees. Al- 
though many biologists have abandoned any literal 
form of this belief, many others have not. It was 
somewhat surprising to the present authors to find 
that this idea of succession is nearly as old as biology. 
A recent examination of I. J. Biberg’s dissertation of 
1749, “Oeconomia Naturae,” led to the translation of 
his account of succession on rock at the sea-shore, 
presumably that of the Baltic. (Biberg was a stu- 
dent of Linnaeus.) The translation as given is from 
the reprint (1749?: 27-28). 

“Crustaceous lichens are the first basis of vegeta- 
tion, and although usually regarded as the merest 
trifles, yet even more than other plants have greatest 
importance in this aspect of the Economy of Nature. 
When rocks first emerge from the sea, they are so 
smooth from the force of the waves that scarcely any 
herbs can anchor themselves firmly in them, as any- 
one can see anywhere close to the ocean. Soon, how- 
ever, the tiny crustaceous lichens begin to cover these 
driest rocks, holding if only a little that amount of 
soil and imperceptible particles which the rains and 
wind have brought in with them. But at last these 
lichens, enfeebled with age, are converted into thin- 
nest earth. In this, imbricate lichens can then take 
root; and when they at length in their decomposition 
are also changed into humus, various mosses, namely 
Hypna, Brya, Polytricha, thereafter find suitable 
placement and nutriment. At long last from the de- 
eay of these in like manner, we see so great a quantity 
of soil formed, that herbs and shrubs are easily able 
to take root and maintain themselves.” 

For a less ancient version of the classical story, 
one can read in Bruce Fink’s article “Lichens, their 
economic role” (1906, p. 261) an excellent and con- 
cise account of it. The early stages are crustose, 
foliose, and fruticose lichens, in that order. He 
evidently shared this belief, but with some reserva- 
tions. He mentioned (p. 260) lichens growing on 
smooth surfaces of Sioux quartzite in Iowa and 
Minnesota. This rock “shows to the eye or lens no 
evidence of disintegration and is, macroscopically, 
In exactly the same condition under the lichens as 
elsewhere.” He apparently had faith that the lichens 
were attacking the rock, though he could not see that 
they were. He added “. it is not generally sup- 
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posed that the rhizoids of the lichens ever penetrate 
perfectly firm rock, ... .” 

C. C. Plitt (1927) believed in the same generalized 
sequence rock. He also gives a 
translation of Biberg’s account. He attributes it to 
Linnaeus, and gives the date as 1762. Plitt reported 
observations of his own at two widely separated 


among lichens on 


places, on particular lichens growing against and 
upon particular other lichens. He noted that in 
competition between Coccocarpia pellita and a Par- 
melia on rock in Blue Mountains of Jamaica, either 
may overgrow the other. 


AND INFERRED SUCCESSIONS IN 
ILLInois CLirr-Tors 


OBSERVED 


The observed changes in plant cover, and probable 
events as inferred from what is believed to be definite 
evidence will first be presented, then the conclusions. 

Bare rock on fully exposed cliff-tops is first in- 
first 
colonizer is recognized by its frequent occurrence on 


vaded by three lichens and two mosses. (A 


apparently unmodified rock surfaces and by complete 
lack of indication that any other plant preceded it.) 
The abundant lichen is the very adaptable gray-green 
This lichen has 
an extremely wide range over remotely separated 
parts of the world and through very different cli- 
mates. It is, for example, the dominant and most 
frequent plant of dry granite and sandstone surfaces 
( Vestal 


foliose lichen, Parmelia conspersa. 


in the eastern mountain-border in Colorado 


1917: 360). It is likewise extensive and thriving on 
southern Illinois sandstone. Over small areas, of 


three to ten milacres, Parmelia may cover as much 
as 80-98% of Crustose lichens, commonly 
considered the earliest rock, here 
unimportant, occupying less than one percent of the 
Parmelia, and usually in isolated 
patches 1-3 in. across. They are in places overgrown 
by Parmelia, but no more readily than is the bare 
rock. One of these is the light-gray Rinodina oreina; 
the other, comparatively rare, is Acarospora amabilis. 
Apparently all three of these lichens grow well where 
run-off from above is negligible or impossible. They 
are in such places not subject to wash which might 
erode them away, nor to accumulation of either wind- 
blown or washed-down soil in which other plants 
which might replace them can obtain a start. 

In 11 localities of 16, the fine-leaved and somewhat 
silvery-green moss Hedwigia ciliata was found grow- 
ing on rock exposed fully to sun and wind. It 
seems to range into as extreme a site as does Par- 
melia, though in such exposures it is sparse in 
number of colonies. Its creeping, round patches may 
increase radially faster than do patches of Parmelia, 
but it has not been seen to overgrow Parmelia, nor 
to depend, for its initiation, on any pre-existing 
plant nor any pits in the rock or other environment- 
al peculiarity. (Parmelia has in places been seen 
to overgrow Hedwigia: see Fig. 8). 

The “black Grimmia olneyi, which forms 
strongly convex cushions, also ean, and in many 
places does, start on fully exposed bare rock, but its 


surface. 


invaders of are 


area covered by 


moss” 
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Fic. 8. In moister areas with sizable mats of mosses 
and lichens, almost any species may tend (at least in 
spots) to spread at the expense of almost any other, 
perhaps depending on relative vigor of parts of indi- 
vidual moss-cushions as much as upon species. Here in 
middle left, Parmelia conspersa overgrows Hedwigia 
ciliata. In the foreground is Polytrichum juniperinum. 
Cedar Bluff, June 13, 1948. 


tufts are small and slow-growing there (cushions on 
dry rock are 4-1 in. high). These tufts hold a 
surprising amount of water after rain, but most of 
the time they must be dormant where growing on 
dry rocks. They become air-dry after a few days of 
fair weather. Their attachment to the rock is not so 
firm as that of Parmelia or Hedwigia and their 
height exposes them more to wind. Consequently 
Grimmia is much less abundant on dry rock than 
it otherwise might be. Partially blown-away cushions 


are often seen. 





_* * 

Fic. 9. Burden Falls, May 18, 1948. The elongate 
eurved cushion of Grimmia olneyi at left may (or may 
not) be the remains of a sizable moss mat which covered 
the central bare area. Around this bare area are convex 
eushions of Cladonia foliacea. This or another species 
of Cladonia is in spots and along the concave edge over- 
growing the Grimmia. Within the bare area a thallus of 
Parmelia appears to be expanding radially at better- 


than-average rate. 


Larger cushions of Grimmia, on rock surfaces alter- 
nately well supplied with runoff water and subjected 
to drought (prolonged during dry years), appear in 
Figures 9 and 10. Partially shaded rock surfaces, 


and localities in which cliffs face northwest to east, 
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show much the same combination of lichen and moss 
species, with larger and more vigorous polsters of 
Grimmia. In one such protected locality, Burden 
Falls, on a rock-slope facing northeast, in thin shade 
of a serubby juniper, Selaginella rupestris forms a 
tiny mat covering about six square inches. 

Many rock areas adjacent to or between those well 
covered with Parmelia and associates have no plant 
eover at all. These rock surfaces have a dull 
weathered look, as if exposed for hundreds of years, 
No apparent difference in exposure or in character 
of rock suggests any explanation for the presence of 
lichen cover in some places and not in others. 

In fully exposed places where Parmelia is estab- 
lished, it gives no signs of appreciably modifying the 
rock and accumulating fine debris which e¢an be 
colonized by a later stage of vegetation, nor of being 
overgrown by other plants. Instead there are posi- 
tive indications that it is a nearly permanent plant 
cover. Where it forms a nearly continuous tapestry 
the individual patches or colonies are hard to dis- 
tinguish. Where it forms isolated cireular patches 
it commonly shows growth-rings in the manner of a 
fairy ring. The central, slightly blackened interior 
of the ring develops a second-generation colony (Fig. 
11). A third-generation patch inside a second-gen- 
eration ring is frequent. 

So far as our observations here and elsewhere in- 
dicate, Parmelia conspersa is one of those hardy 
lichens which ean form a first and a last plant cover 
on exposed dry rock surfaces, so long as controlling 
conditions do not favor the addition from some ez- 
ternal source of silt or organic debris. This brings up 
a strong contrast to be noted between those areas or 
spots on cliff-tops which tend to receive contributions 
of sand or soil or leaf-litter (either from plants 
standing above them or by washing-down from parts 
of the upland slopes lying above the ledges), and 
rock surfaces which never receive such debris. There 
are many kinds of plants, representing many growth- 
forms, wherever there is some soil, as in crevices, 
recesses, and in some depressions. This is true even 
in the most severe exposures. On the other hand, 
where there is no soil there are few plants, and 
these few are principally the five mentioned first- 
colonizers of bare rock. There is little or no evidence 
that in such sites Parmelia and its congeners can do 
much in the way of forming or accumulating soil. 
They can and do persist indefinitely on these other- 
wise bare rocks. 

An excellent illustration of the mentioned contrast 
is seen wherever large blocks of sandstone oceur well- 
separated from the main cliff-face. Some _ blocks 
have fallen to the base of the cliff or of the talus be- 
low; some are gradually being eased down the talus; 
the tops of others are at or near cliff-top level. 
These high-standing blocks are less likely to be over- 
topped by trees; those at lower levels are usually 
shaded and sheltered from wind; if their tops are 
nearly horizontal they receive heavy falls of dead 
leaves and twigs from trees above them, and develop 
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Fig. 10. Part of an extensive rock surface on 
eastern Shawnee Hills, May 28, 1948. 
above. 
eral parts remain after the older parts were washed 
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Parts of the area 
Much of the surface had been covered, presumably by cushions of Grimmia, of which some periph- 
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High 
shown 


Knob, an isolated part of the divide in the 
water run-off from 


receive considerable as 


(or perhaps also blown) away. This denudation has 


apparently happened more than once, as shown by small round patches of Parmelia conspersa on a less 


fresh-looking smooth place below the middle. 


What seems to 
right, with larger round patches of Parmelia, some becoming confluent. 


area of earlier denudation is on the 
On some of the more nearly entire 


be an 


cushions of Grimmia above the middle one ean see (with magnification) small convexities which are biscuits 


of Cladonia foliacea. 


In the drainage channel at top of picture are vigorous high cushions of Grimmia. 


Much of the drier area at left, with little surface flow during rains, is well covered with Parmelia. 


a deep humus layer in which grow mesophytie forest 
herbs, shrubs, and even fair-sized young trees. Level 
tops of higher blocks are not sheltered and do not 
receive leaf-litter. Consequently they remain bare 
of soil and of plant cover other than first-colonizing 
lichens and mosses. It is likely that in many succes- 
sional studies, such great difference in external cir- 
cumstance making for or against contributions of soil 
or of humus from higher levels, have not received suf- 
ficient consideration. 

Thin-soil areas, on level parts of cliff-tops or slight 
concavities in them, are, even in most xeric exposures, 
subject to first invasion by a modest diversity of 
plant species, including Grimmia, six species of 
Cladonia, Sedum pulchellum, Diodia teres, three 
small annual grasses, and Opuntia rafinesquii. (Some 
other flowering plants may invade also, but in very 
low frequence.) Apparently, pure chance is the 
main determiner of the one species or the combina- 





tion of species found in any particular patch of 
thin soil. These spots or patches vary in size from 
0.5 to about 28 sq ft. Presumably the growth of a 
few plants on a tiny accumulation of sediment leads 
to the spreading of their roots, and the catching and 
holding of more sediment, so that the patch of thin 
soil increases and the diversity of its plant cover 
tends also to increase. Among the materials which 
accumulate, litter from Juniperus, mentioned before, 
is important. 

It is quite likely that many thin-soil areas origi- 
nated not in a slight concavity in which the first 
detritus was stopped, but about some plant which 
had germinated in a crevice and begun to spread 
and to accumulate debris. 

Slightly deeper coneavities in rock ledges are in a 
few cases filled with soil in isolated areas that may 
be called soil pockets. Plants requiring somewhat 
deeper soil than those just considered grow in these, 
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Fic. 11. A _ second-generation colony of Parmelia 
conspersa grows on the less-vigorous central part of an 


older thallus. Burden Falls, May 18, 1948. 


as for example, Vaccinium arboreum, forming a 
small clump of dwarfed shrubs (2-2.5 ft high) on 
a south-facing cliff-top in full sun and wind. 

The progressive spread of soil over a ledge would 
in a relatively few years eliminate the bare parts if 
it were not for the recurrent destructive effects of 
wind and of water from the heavier rains. (In most 
years, there are several heavy late-winter or spring 
rains, some exceeding 1.5 in.) These destructive 
effects can nullify all progress thus far made in 
establishing a soil-and-plant cover on what had been 
a nearly bare shelf of rock. The preceding state- 
ment might seem to imply that constructive work of 
plants can never in any rock-ledge locality succeed in 
overcoming the destructive forees. This is not in- 
tended, but establishment of a good cover is exceed- 
ingly improbable in localities with extreme exposure 
to south or southwest. In other localities with cliffs 
facing in other directions, especially to the north, 
and on many ledges overtopped by trees, soil cover 
reaches to the very edge of the top of the cliff-face. 
Here a specialized vegetation, commonly including 
Polytrichum and other mosses, with species of Cla- 
donia, forms a temporary climax. Temporary applies 
in two senses: a huge block of sandstone may fall or 
start to slide away from a new cliff-face behind the 
former one, with possible formation of a new bare 
rock shelf, or at least with erosion of the unsup- 
ported soil face at the plane of fracture. The second 
sense in which the soil border is temporary is seen in 
the long-term viewpoint, with time-scale attuned to 
that of the physiographic cycle. It may thus be 
foreseen that a more nearly “final” condition results 
as the erosion cycle nears completion. By the time 
the Caseyville stratum is worn back northward as 
far as the north base of the hills, there will be no 
specialized soil-borders at cliff-tops, for there will 
be no cliffs. 

Crevices accumulate soil in varying amounts. Most 
observers of rock vegetation have commented on the 
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possibility that almost any plant of surrounding 
areas may be able to grow in a rock erevice. This 
is no less true in southern Illinois. The most frequent 
invaders of crevices are Grimmia (in tiny cracks), 
Juniperus, Amelanchier, Agave, Vaccinium arboreum, 
Opuntia, grasses (especially Danthonia), Ulmus 
alata, Celtis pumila, and various herbs (notably 
Sarothra gentianoides). Of these, Amelanchier and 
Celtis are nearly restricted to crevices, and Juniperus 
has much higher frequence in erevices than in soil 
borders (considering relative area of these two en- 
vironments). The explanation may perhaps be 
sought in intolerance of competition. 

The possibility of spread of soil areas from crevice 
origin has been mentioned. Spreading plants such 
as Opuntia and Agave, which spreads by means of 
offsets, can be particularly effective in enlarging soil 
areas. 

Dripways are small drainage channels conducting 
run-off over the cliff. Most of them have flat bot- 
toms. Dermatocarpon and Peltigera are abundant 
in many spots in dripways, and form continuous 
cover in some of them. They tolerate long periods 
of heat and dryness in most of the soil-less situations 
where a flowing film of water is reeurrently available. 
These lichens withstand considerable washing. They 
persist on a dripway after Grimmia cushions are 
washed away. Thus the lichens may eventually oe- 
cupy space once taken up by Grimmia. During less 
rainy years Grimmia may spread to other pits or 
spots on the dripway only to be washed away at some 
later time by heavy rain. 

Moist-soil areas near cliff edges occur commonly 
but not exclusively in slightly depressed flats. On 
these, herbs form a usually dense growth in shallow 
but firmly held soil. Penstemon hirsutus (perennial) 
and Phacelia purshii (annual) form characteristic 
pure patches in such microhabitats. Krigia biflora, 
Houstonia lanceolata, and Nothoscordum bivalve are 
among the other herbs of such places. Possible pred- 
ecessors or successors of these plants remain to be 
discovered. 

Similar small sites could equally well be deseribed 
as wide dripways or wide places in dripways with 
very slight depth of soil (in places largely organic: 
the dead lower parts of mosses and lichens). In 
these places Grimmia cushions attain a depth up to 
4 in., a long diameter up to 2 ft. (Many of these may 
be confluent growths of smaller cushions.) Cladonia 
rangiferina et spp. make mats commonly as large as 
2 sq ft, less commonly up to 20 sq ft. Polytrichum 
juniperinum also forms large mats. These mosses 
and Cladonias are not identical in requirements nor 
in local distribution, but overlap widely, occur com- 
monly within the same sites, and may thus be con- 
sidered to be one heterogeneous community. No suc- 
cessional sequence in which this moss-lichen com- 
munity fits is at present evident; i.e., there is thus 
far no indication that in these sites the community 
necessarily has predecessors or successors. 

A common situation favoring persistence of thin 
soil is that between two bare-rock areas at slightly 
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different levels. The soil covers the inner part of the 
lower level. Such places vary in size up to about 
120 sq ft. Many combinations of herbs occupy the 
soil, varying with the degree of water-supply. A 
nearly pure stand of Uniola latifolia is one of the 
moderately frequent varieties of plant cover. 
Interstices in moss-cushions provide opportunity 
for new plants of other mosses, of lichens, or of 
higher plants, especially of small annuals. Small 
eracks in Grimmia, breaks or open spots in mats of 
Dieranum, Polytrichum, and especially Leucobryum, 
oceur fairly frequently. Any of the invading plants, 
as well as Cladonia rangiferina and some other lich- 
ens, may be seen growing in a mat of any one of the 
invaded mosses. Mats of mixed composition are fre- 
quent: the question which plant started first is usual- 
ly not determinable. Culture experiments could be 
highly instructive in studying such questions. The 
tiny hollows in some cushions of Cladonia foliacea 
(mentioned earlier) become larger, and in them, as 
well as in some moss cushions, are occasional small 
plants of annual grasses and of small herbs, e.g., 
Houstonia It is not likely that reactions 
exerted by these short-lived opportunists can lead to 
any further succession. Sizable plants such as juni- 
per and Vaccinium arboreum have not yet been ob- 


minima, 


served to germinate in such tiny plant crevices; it is 
likely that they most commonly start in larger crev- 
ices in rock, or in areas already covered with soil. 
Bared areas on ledges or rock-slopes are formed 
by windthrow of shallow-rooted plants, as Juniperus 





Fic. 
Bluff, June 11, 1948. 
was blown over some years earlier (at a guess, at least 


12. South-faecing rounded eliff-top at Round 


The tree of Juniperus virginiana 


On the bared surface a few small 
and small tufts of Grimmia are 
Such surfaces bared not long before serve 
as a basis for estimates of rates of succession. 


7 or 8 years earlier). 
thalli of Parmelia 
established. 


and Opuntia growing on solid-rock cliff-tops (Figs. 
12 & 13), or by washing away of plants that grew on 
rock or in thin soil. These surfaces are returned to 
the status of originally bare areas. Re-colonization 
hy plants apparently begins entirely anew. As can 
be seen from Fig. 10, the rock surface presumably 
once covered with Grimmia eushions has a fresh, 
light-colored appearance, as if the moss had done its 
share of reducing the cliff by dissolving away a mil- 
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eed 
4 -. 
be? « 


A wind-thrown mat of 





Opuntia rafinesquii, 
still standing on edge, at a place called Happy Hollow, 


Fig. 13. 


Four or five similar 
west-facing 
The uplifting of heavy cactus mats with so 
surface intensified wind 
Wind must thus 


in Jackson County, June 13, 1948. 
instances have been south- or 
eliff-tops. 
little suggests an 
force strongest just at the cliff edge. 
be considered an effective denuding agent as well as 
rain-wash. Another idea, that plants cannot anchor 


themselves firmly on smooth rock except in crevices, is 


seen, all on 


exposed 


also suggested. 


There is, 
however, no suggestion that inception of new plants 
on the bared surface will be any less difficult or slow 
because of what Grimmia may have done to the rock. 

But where a juniper tree is overturned, that part 
of its flat root-system which is still in contact with 
the rock, makes with that horizontal surface a pro- 
tected angle in which a slight amount of debris can 
be retained, perhaps to favor within a year or two 
the germination of plants that otherwise could not 
grow there. 

Windthrow of Juniperus gives opportunity to esti- 
mate the time required for colonization by Parmelia 
and Grimmia in such a bared area. One juniper 
windthrow at Round Bluff (Fig. 12) left a bared 
area of 12 sq ft. The overthrow was estimated as 7 
or 8 years earlier. In this area were about 24 thalli 
of Parmelia of thumb-nail size, and six small tufts 
of Grimmia, none exceeding 1% in. diameter. In 
perhaps 40 to 60 years after inception of first col- 
onies, half the surface might be covered with lichen 
rings and Grimmia. 

Soil borders of rock ledges are different from the 
thin-soil areas, dripways, ete., in being relatively 
stable, much less frequently subjected to sudden de- 
structive forces, and likely either to attain a “steady 
state” or near-equilibrium, or to show progressive 
trend toward deepening of soil and enrichment of 
vegetation. Unlike the preceding types of situation, 
most of these soil borders have a fairly dense and 
nearly continuous cover of plants, and over most 


limeter or two of rock under each cushion. 
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spots accumulate fallen leaves as well as surface 
litter washed down upon them from higher ground. 
The environmental variables include direction and de- 
gree of exposure, amount and duration of soil mois- 
ture from rain and of percolating water from higher 
ground adjoining, depth of soil, slope of soil surface, 
calcium eontent of soil solution, ete. On these and 
other counts the composition of the vegetation of 
soil borders varies greatly. On a fully-exposed south- 
facing cliff-top, the soil-border plants of high fre- 
quence are, in thin-soil outer margin or “soil-toe”: 
Cladonia spp., Vaccinium arboreum, Danthonia, An- 
dropogon virginicus, and Antennaria. A character- 
istic bush (suffrutex) occurring here infrequently is 
In the somewhat deeper soil 
Quercus marilandica, 


Ascyrum multicaule. 
farther from the edge, are 
Ulmus alata, and Juniperus. 
Where cliffs face north or northeast, mosses such 
as Polytrichum and Leucobryum are abundant in the 
outer margin, and ordinary tree species of upland 
mixed forest with their shrubby and herbaceous as- 
sociates, occur within the inner part of the border. 
The soil border and its plant cover are in delicate 
balance with annual variations in climatic conditions 
and even with short-period weather cycles. (The 


less stable rock-ledge plants outside the soil border 
are even more strongly affected by vagaries of 


weather and by differences between years.) The 
normal growth-increase of the plants in favorable 
times induces forward expansion of the soil border 
with corresponding narrowing of the rock ledge. If 
this tendency reaches full expression the ledge of 
partly bare rock is eliminated by being overgrown 
completely. This is far less likely to happen where 
the cliff faces south or southwest; in such exposures 
the shelf of bare rock reaches maximum width, and 
soil borders are xeric. In years of less-than-normal 
rainfall, the outermost plants of the soil border grow 
very little and some may die. If after the dry period 
the first rains are heavy, some soil at the outer mar- 
gin is washed away, perhaps with some of the plants 
rooted in it; the same happens at any other times of 
excessive rainfall. Thus it seems likely that most soil 
borders fluctuate in width only slightly, and that com- 
plete covering of a ledge is indefinitely postponed ex- 
cept where exposure to wind and sun is comparative- 
ly slight. 


SUCCESSIONAL CONCLUSIONS FROM THIS STUDY 
The successional facts and generalizations thus far 
noted may now be summarized. They are being con- 
sidered first from the short-term viewpoint, inquiring 
into those changes or developments of vegetation 
likely to take place on the surfaces now evident, 
without appreciable change in the topography that 
The following statements are limited to 
Some of them may find 


now exists. 
southern Illinois cliff-tops. 
wider application. 

1. Conditions that determine which species are 
able to colonize the different habitats or microhabitats 
are so different that each minor type of environment 
must be studied separately. 
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2. There is little or no correlation between growth- 
form and piace in a successional sequence, nor be- 
tween evolutionary status of a plant and place in a 
successional sequence. To be specific, the ancient and 
commonly still held belief in a conventional sequence: 
erustose lichens—foliose lichens—fruticose lichens— 
mosses—herbs—woody plant, receives no support 
from the present study. Instead, it is shown definite- 
ly not to apply in the complex of habitats studied. 
There are strong implications that many descriptions 
apparently supporting the conventional beliefs are 
too highly subjective and too greatly generalized; al- 
so, as pointed out by Cooper & Rudolph (1953: 
806) that negative evidence is largely ignored. That 
is, events or conditions called for by theory, for 
which evidence may be sought and not found, are 
left unnoticed. 

3. Observations have not revealed long and regular 
or simply-describable sequences of vegetation de- 
velopment, with inceptive, medial, and final stages, 

4. Observations point to marked contrasts among 
three types of surface on xeric cliff-tops: (a) nearly 
bare rock with maximum exposure to wind and sun, 
but minimum exposure to rain-wash; it is dominated 
by the long-enduring lichen Parmelia conspersa, (b) 
the less-bare parts of rock shelves, differentiated into 
a diversity of microhabitats (thin-soil patches, drip- 
ways, etc.), subject in varying degree to inwash of 
run-off and detritus, and also to erosion by wind and 
water; its plant populations are likewise subject to 
frequently recurring destructive hazards and are thus 
kept sparse. (c) relatively stable soil-covered strip 
bordering the rock ledge, with lichens or mosses and 
herbs at the thinner-soil outer edge, and practically 
permanent though scrubby, woody vegetation else- 
where. Types (a) and (c) each represent a climax 
of its kind. . 

5. Destructive events recur so frequently that on 
xeric cliff-top ledges the complex (a) + (b) + (e) 
persists, with no tendency to convergence into any 
general climax. In less-exposed places, (a) and (b) 
become greatly reduced in area, to the aggrandize- 
ment of (c). So long as present topography per- 
sists in any one eliff-top locality, the combination 
(a) + (b) + (c) seems likely to persist, in nearly 
the proportions now prevalent there. 

6. Where soil (or at least finely divided detritus) 
is not already present, chiefly as the result of physi- 
cannot 


ographie agencies, vegetation-development 
progress. In other words, finely divided material 


(especially in crevices) in which root-systems can 
find anchorage is a prerequisite to all plant cover 
except those microphytes which can attach themselves 
to smooth rock. Plant reactions are commonly not 
effective for any extended period against the adverse 
combination of solid rock, extreme exposure, and 
violently alternating hazards of drought and erosion. 

7. From the long-term viewpoint, with time-scale 
that of the physiographic cycle, the rock-ledge com- 
plex is likely to be eliminated as cliffs are eliminated 
in the approach to a worn-down lowland; it is possi- 
ble that a similar complex may be represented in & 
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few small areas if rock barrens remain where hard- 
est parts of the most resistant strata are exposed at 
the surface. 

SUCCESSION ON Rock IN OTHER PLACES 

As compared with siliceous and granitic outcrops 
in other parts of eastern United States, the southern 
Illinois ledges and rock slopes show certain similari- 
ties. The species of high abundance or frequence in 
Shawnee Hills occur in similar status in east or south- 
east, or as with Grimmia, Polytrichum and Cladonia, 
are replaced by closely related species in the distant 
localities. The flora of any given rock area is in 
large part a recruitment from among the species of 
the surrounding district added to a minority of 
species distinctive of rock habitats. Such distinctive 
species are much more numerous in the southeast 
than in Illinois. 

Several authors have noted that a few of the 
hardier mosses can grow on smooth dry rock. Nichols 
(1914: 170), after noting the lichens common on 
Connecticut trap rocks, says: “Associated with these 
lichens, and equally capable of thriving wherever 
they can secure foothold are a few mosses, e.g., Grim- 
mia Olneyi and Hedwigia ciliata.” Oosting & An- 
derson (1939: 753) state that Grimmia laevigata (on 
granite) “is definitely not restricted to areas occupied 
by crustose lichens or by other previous invaders 
(figs. 1, 2).” In their earlier paper (1937: 283) 
they show that on the smooth steep rock slope studied, 
a Rhacomitrium and an Andreaea ean start equally 
well whether a lichen is present or absent. 

For unknown, the North Carolina flat 
rocks show fairly regular successions not encountered 
in Illinois ledges. Oosting & Anderson deseribe 
growth-rings or girdles of Grimmia, within which an 


reasons 


invading Cladonia follows as a second girdle. More 
or less concentric girdles representing four stages 


are described (1939: 754). The later two stages are 
dominated by Selaginella rupestris mixed with the 
Cladonia, and Polytrichum. This series is unlike 
the classical sequence, in which one would not expect 
a lichen to overgrow a nor a moss to invade 
the mat of a vascular plant (Selaginella) and to re- 
place it completely. 

In Illinois as in North Carolina, one or another 
Cladonia frequently overgrows Grimmia, as some of 
the figures show. However, the next developments 
in North Carolina flat rocks are not duplicated in 
Illinois cliff-tops. Here, at the outer edge of well- 
established soil-borders, the vegetation-elements are 
quite various. They show great difference within 
short distances. Mixtures of herbs and grasses are 
commonest. It is true that mats of one or another 
species of Cladonia are frequent, and that (in moister 
soil borders) mats of Polytrichum are not uncommon. 
The present study has revealed little regularity in 
spatial sequence, and practically no evidence as to 
time sequence. 

The distinction between exposed dry rock surfaces 
and those situations in which soil can collect is gen- 
erally recognized by authors of recent studies and by 
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Nichols (1914: 170) de- 
rock faces separately from that in 


some others. considers 
velopment on 
crevices and hollows. 

Oosting’s account of observations in northeast 
Greenland includes this statement (1948: 255): “The 
crevices are the real starting point of succession.” 

Niering’s studies of rock succession at High Point 
in northern New Jersey makes the same distinction 
(1948: 130). Lichens on exposed rock do not lead 
to further development; soil-building pioneer plants 
start in crevices or depressions or at margins of out- 
crops. 

Perez-Llano (1944: 26) sums up the successional 
role of lichens in these words: “They are considered 
pioneers in the scheme of plant succesion, though 
they may actually form a permanent stage and not 
just a step in an ecological sense. Their reputation 
as rock destroyers and formers of soil has been con- 
siderably exaggerated.” 

Keever, & Anderson (1951: 416, 420) 
state that the first-colonizing lichens on rocks are not 
necessary for establishment of larger plants. 

Cooper & Rudolph directly attack the belief in 
importance of lichen in suecession. They conclude 
(1953: 806) “That the presence of lichens is not al- 
ways an indication of the beginning of a succession 
and is not essential to the formation of a soil and 
the development of vegetation in rocky places.” They 
give evidence supplementing that of other authors, 
that can without a lichen stage, 
wherever soil is deposited by physical agencies in 
crevices or over larger surfaces. This suggests a com- 
plementary statement, based on findings in this study: 
Unless soil is deposited by physical agencies in erev- 
ices or over larger surfaces, succesion is likely to be 
much retarded, perhap indefinitely deferred. A pos- 
sible exception might be the increase on smooth rock 
flats of moss-mats which through very slow aceumu- 
lation of wholly organic debris might lead to further 
succession. A suggestion of this appears in some of 
the developments described by Oosting & Anderson 
(1939: 754). 

The final citation of 
lichens in early succession on rock is from an article 
written more than a century ago. It indicates that 
not all the early biologists agreed in suecessional 
matters. The author is Richard Brinsley Hinds, 
Surgeon R.N., world voyager; naturalist on H.M.S. 
Sulphur. His article (1842) includes this passage 
(pp. 521-522): “Still I am not prepared to admit, 

that lichens and mosses are such active agents in 


Oosting, 


succession oceur 


denying any effectivenes 


the generation and inerease of soil as is generally al- 
lowed; and for the reasons, that under a variety of 
climates and circumstances I have never witnessed 
the process in extent, and can see no corre- 
spondence between cause and effect. If a tract of 


any 


rocky country were left in the undisturbed possession 
of a multitude of lichens, I feel confident we might 
wait for a space bordering on eternity before any- 
thing like productive soil would appear.” 

One could wish that Hinds had included citations 


128 
to published accounts of the beliefs that in his time 
were “generally allowed.” 

His next sentence reads: “If there are any plants 
more conspicuous than others for this kind of in- 
fluence I believe them to be grasses; ....” He cites 
voleanic mountain ridges of Pacific islands as chiefly 
colonized by grasses. Of rocky islets he says: “If 
the chinks and crevices of these are examined, they 
will usually be found to contain a little starved grass 
and a few stunted bushes.” Apparently these plants 
were not seen on unbroken rock surfaces. 

It is evident that many students of vegetation have 
observed specific peculiarities in early developments 
on rock, which are so greatly different that no simple 
scheme can be general enough to serve as a useful 
theory of succession. 

Returning to the description of vegetation-develop- 
ment on rock-ledges in southern Illinois: In one re- 

radical departure from usual ac- 
i-n than might be supposed. The 
oe i urface on which plant cover has 
not succeeded in becoming established within the 
general territory of the Shawnee Hills is a merest 
tiny fraction of the whole area. It is only in the 
more extreme exposures on cliffs and ledges, where 
certain topographic and other circumstances have 
combined in a rather exceptional manner, that the 
developmental processes have been deferred. But 
it is in just such places where unbroken rock still 
occurs that the difficulties and complexities which 
plants encounter on an unfavorable substratum can 


spect it is a less 
— = 


be studied. 
SUMMARY 

The Shawnee Hills, which extend across the un- 
glaciated narrower southern part of Illinois, include 
some bold cliffs facing mostly southward. Over siza- 
ble stretches they are strongly exposed to sun and 
wind. At their tops are nearly level bare-rock 
shelves or rounded rock slopes, varying in width. A 
little farther back from the cliff-edge is a border of 
Its depth near the edge is usually less than 


soil. 
It deepens rapidly up the slope of the 


three inches. 
loess-capped upland. 

The rock surfaces are diversified, showing crevices, 
recesses, small basins, drainage channels and “drip- 
ways,” and patches or areas of soil, varying in 
depth and in supply and duration of moisture. Be- 
tween these specialized microhabitats. are usually 
much more extensive areas of nearly bare rock. 
These receive no run-off from above; soil does not 
accumulate upon them. These dry-rock surfaces are 
in most places spotted or partly covered by three 
lichens and two mosses. Of these, the foliose lichen 
Parmelia conspersa is important. Grimmia olneyi 
(black moss) and Hedwigia ciliata tolerate this dry 
habitat but occur in very low density. 

Where cliffs face in other directions, or where 
they are low enough to be shaded by trees rooted be- 
low them, the cliff-tops are less, or not at all, ex- 


posed. In some such places the bare-rock shelf is 


narrow; in other places the cover of soil and vegeta- 
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tion extends to the very edge. Attention was mainly 
devoted to the xeric exposures, where it was early 
recognized that much could be learned of the compli- 
cations and difficulties of primary succession on bare 
rock. 

The cliff-top flora is somewhat impoverished, and 
yet diverse. The few characteristic plants, rare or 
absent in ordinary habitats of surrounding areas, 
include four succulents of different growth-form, 
These are an annual Sedum, a Talinum, an Opuntia, 
and Agave virginica. Lichens, mosses, ferns, and a 
few herbs more frequent in rocky sites; annual and 
perennial herbs of barrens and forest openings; a 
few plants oceurring in prairies; shrubs, treelets, 
and small trees, especially those of surrounding xerie 
uplands, make up most of the flora. Characteristic 
treelets are Vaccinium arboreum and Celtis pumila, 
Common tree species include Juniperus virginiana 
and Quercus marilandica. 

The minor communities correlated with specialized 
microhabitats are quite variable. 

The research ineluded extensive reconnaissance 
over a number of years, detailed studies of 16 locali- 
ties, with summary of abundance ratings for 145 
species; and maps of seven small sample areas, with 
tabulations of frequence of species, and of a com- 
bination of frequence and presence. 

Throughout the field studies, observations have in- 
dicated great instability of both microhabitats and 
communities. Drought and erosion from rain-wash 
are recurrent hazards, varying with weather cycles 
and with differences in rainfall from year to year. 
This makes alternations of favorable and most un- 
favorable conditions for growth of plants. Succes- 
sion in some situations can be described as fluctuation 
rather than development. In some of the specialized 
microhabitats, progressive succession is possible de- 
spite recurrent set-backs. 

Elsewhere, over much of the area of extreme ex- 
posure (dry bare-rock cliffs, shelves, and slopes), 
there is no suggestion of development beyond the 
stage of first-colonizing microphytes. <A principal 
conclusion is that no real progress can be made until, 
through physical agencies, detritus which can become 
a soil is brought into a place where it can be re- 
tained. Only in such places can plants become estab- 
lished and exert reactions which effectively accumu- 
late more soil, consolidate the early plant cover, and 
in time enlarge its area. The few hardiest lichens 
and mosses which can affix themselves to smooth rock 
in places where no run-off is received and no det- 
ritus can accumulate, may for indefinitely prolonged 
periods persist as a self-maintaining though scanty 
plant cover. Their role in any further succession is 
negligible. 
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INTRODUCTION 

The vertical gradient in climate which is so pro- 
nounced on the slopes of the Rocky Mountains is cor- 
related with belt-liike mosaics of vegetation, each of 
which characterizes a segment of the gradient. If it 
is true that natural vegetation is the most significant 
indicator of the limits of climatic provinces, as most 
climatologists and ecologists believe, data from 
weather stations distributed across the vertical series 
of vegetation belts! should provide excellent material 
upon which to test the degree of relationship between 
climate and vegetation. The results might be ex- 
pected to have a considerable bearing upon the prob- 
lem of climatic classification in general, and upon 
etiologic plant geography in particular. 

This phase of ecology has been neglected in the 
Rocky Mountain region. Several writers (see Dau- 
benmire 1943) have pointed out correlations be- 
tween climatic factors and vegetation belts, but this 
has characteristically been but a small part of a 
study devoted primarily to the vegetation, conse- 
quently little contribution was made toward a critical 
investigation of the climatic problem. The present 
work, by contrast, is aimed directly at phytoclimatol- 
ogy in eastern Washington and northern Idaho. 

The concept that climate determines the major 
features of vegetation distribution was well expressed 
by Alexander von Humboldt early in the 19th centu- 
ty. This has become axiomatic, not only among 
most plant ecologists, but among most workers in 
closely related fields. As a result, for half a century 


I ‘It should be understood here that “belt” is used as a 
road category which includes a series of plant associations 


differentiated by soil and/or climate. 
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the merits of most new climatic classifications have 
been judged according to the closeness with which 
their application produces climatic provinces that 
coinside with vegetation areas. Since these classifica- 
tion schemes stress climatic characters which are at 
the time believed to be those most critical for vegeta- 
tion limits, their application provides a logical start- 
ing point for any regional study of etiologie synecolo- 
gy. Three such schemes of climatic classification 
stand out above all others in popularity—those of 
W. Koéppen, of C. W. Thornthwaite in 1931, and of 
the same author in 1948. A eritical comparison of 
these in relation to the details of a particular vegeta- 
tion mosaic appears not to have been attempted thus 
far, although criticism and speculation upon the 
systems individually and a limited amount of testing 
their merits has produced a considerable literature. 

An extensive compilation by Livingston & Shreve 
(1921) covered all of the U. S. A. ineluding the 
territory covered in this study. Weather records 
published by the U. S. Weather Bureau and a vegeta- 
tion map constituted their principal research ma- 
terials, as in the present study. But their procedures 
differed so much from the writer’s that little further 
direct comparison can be made. Their vegetation 
units were so large and heterogeneous that the char- 
acter of the plant cover near each weather station 
could not be determined directly, and this is impor- 
tant in the Cordilleras where semidesert can occur 
within a few km of mesophytie forest. In the map 
which they finally accepted as a basis for distinguish- 
ing phytoclimates (p. 47) the semidesert and two 
grassland belts differentiated in the present study 
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are thrown into one unit which also includes areas as 
remote as Texas, all being referred to uncritically as 
“desert.” All forest belts from the xerophytic Pinus 
ponderosa to the mesophytic Thuja-Tsuga belts are 
lumped under “Northern mesophytie evergreen forest, 
West.” In compiling climatic data they placed most 
emphasis upon average conditions during the frost- 
free season or for the year, without objectively ex- 
amining the water and heat relations 
throughout the year to see if most of the yearly cycle 
of weather can be so summarily dismissed as inconse- 
quential. The writer considered all these as pro- 
cedures and assumptions to be avoided. 

Nearly all climatic classifications share the com- 
mon view, which is equally acceptable to most plant 
ecologists, that heat, water, and the seasonal course 
of variation in the quantities of these available to 
plants are the most critical aspects of climate inso- 
far as phytogeography is concerned. As a_back- 
ground for understanding these clasification schemes, 
as. well as equally significant techniques which they 
do not embrace, a review of th development of meth- 
ods of expressing these variables is in order. 
HISTORICAL DEVELOPMENT OF CONCEPTS 

THE ENVIRONMENTAL WATER-BALANCE 

The fact is obvious that the quantity of water 
available for plants is not adequately indicated as 
precipitation alone, for the effectivity of a given 
amount of precipitation is strongly determined by 
temperature and other conditions that affect the rate 
of its return to the atmosphere by evaporation and 
transpiration. 

The earliest attempt to discount precipitation 
quantitatively in proportion to the intensity of evap- 
oration-promoting forces (a concept which subse- 
quently has been referred to as the environmental 
water-balance, humidity coefficient, index of aridity, 
precipitation effectivity, rain factor, drouth factor, 
etc.) was made by Linsser in 1869 (see Abbe, 1905, 
p- 225). He calculated monthly ratios as: total depth 
of P? in lines/mean T°C, and upon applying such 
values to field observations concluded that the value 
of 1.2 separated moist from dry conditions. 

In 1900 K6éppen* proposed a second method of 
expressing the environmental water-balance. His 
ratio consisted of dividing the total monthly P in mm 
by the maximum vapor tension in mm for the mean 
T of the same month (Ward 1918, p. 65). 

Transeau (1905) proposed a third method of e¢al- 
culating the water-balance factor. He recommended 
dividing precipitation by evaporation from a free 
water surface, both values being expressed in terms 
of the same units of depth. This concept of using 
evaporation data in calculating the water-balance 
has much to recommend it, for evaporation integrates 
the effects of temperature, relative humidity, wind, 

and atmospheric pressure. Unfortunately it is im- 


2 Throughout this paper P = precipitation, T = temperature, 
E = evaporation, and SD = saturation deficit. 


course of 


3 No attempt will be made to review complete schemes for 
climatic 
reviews see Thornthwaite (1943), 
(1951). 


classifications in this report. For excellent published 
Leighly (1949) and Hare 
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practical for the fact that although precipitation data 
are available for many stations, evaporation records 
have been made in relatively few. The point is al- 
most invariably overlooked that even Transeau had 
no evaporation data to use in support of his proposal, 
but had to be content with estimated values based 
upon a single year’s observations of wet- and dry- 
bulb temperatures and barometric pressure, and ap- 
parently an abnormal year at that! Furthermore, 
it has been well established that the few evaporation 
data that have subsequently been assembled are not 
comparable because the size, color, and method of 
exposure of the evaporation pans exert great in- 
fluence upon the values obtained. Although Transeau 
noted that an estimated P/E ratio of 0.8 (based on 
annual sums) coincides roughly with the forest-grass- 
land ecotone in the Mississippi Valley, his study did 
not extend farther westward, so that Linsser’s con- 
cept of a critical value of segregating arid and wet 
climates received little emphasis. 

In 1910 Penck advanced the notion that the iso- 
climatic line representing P = E is very important 
in descriptive climatology (Leighly 1949). In 1913 
Livingston suggested an absolute quantitative value 
for expressing moisture balance rather than a ratio. 
He calculated the mean daily “evaporation” (same 
deductions used by Transeau) and subtracted this 
from mean daily rainfall, considering only the frost- 
free season. Few botanists today would attribute such 
exclusive significanee to the frost-free season as did 
Livingston (l.c.) and Livingston & Shreve (1921). 
Practically all indigenous species in temperate and 
cold climates either begin active growth long before 
the frostless or continue activity 
long after it ends in autumn. However, in tropical 
regions, and in the culture of warm-climate plants 
in extra-tropical regions, the frost-free season is un- 
questionably a limiting phase of climate. 

In 1915 (see Prescott 1934) Lang suggested a very 
small modification of Linsser’s ratio, using this only 
to caleulate annual P in mm/T°C. He 
considered a value of 40 as dividing dry and wet 
climates. To facilitate computations of this type, de 
Martonne in turn modified the formula to P/(T + 
10), and recommended for monthly values. (P x 12) 

(T+ 10). 

That a knowledge of the mean number of rainy 
days would prove valuable in climatology was hypoth- 
ecated by de Candolle in 1855, but relatively few 
workers have used such data, possibly because they 
are usually not standard climatic 
value in official summaries of weather records. Theo- 
retically the duration of a storm is important, for 
the greater the period over which the water falls 
the lower are transpiration and evaporation losses, 
thus the effectivity of a given amount of P is en- 
For this reason Walter (1910, see Moreau 
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Adams’ (1929, see Thomas 1932) later version of the 
method is inferior because he ignores the unequal 
lengths of the months: 
P x number of days with P of 9.01 inch or more 
10 


From a biologie standpoint, both of these computa- 
tions need some adjustment for heavy storms when 
there is wastage due to excessive runoff, and for light 
showers which yield too little water to be very ef- 
fective. Also both of the methods are vulnerable 
because temperature, wind, humidity and 
atmospheric pressure are not taken into account ex- 
cept very indirectly. To meet this last objection 
Sauleseu & Ceapoiu (1943) multiplied P/T x the 
number of days having 1 mm or more of P, whereas 
Conrad & Pollak (1950) recommended: (number of 
rainy days x P in dm) /(T°C + 10), this caleulation 
being applicable to monthly, seasonal or annual data. 

Munger (1916) proposed caleulating values ex- 
pressing the severity of drouth which takes into ae- 
count the fact that averages conceal important in- 
formation on the periodicity of precipitation. As- 
suming that 0.05 in. of rainfall is the minimum to 
effectively break a drouth, he proposed multiplying 
the number of consecutive days with less than this 
amount of rainfall by half of the same number. The 
products obtained for the rainless periods of any one 
then be expressed as extremes, as 
averages, or as sums. The usefulness of this concept 
is limited by the fact that the amount of rain neces- 
sary to break a drouth is not a fixed quantity, but 
differs according to evaporation conditions and the 
degree of desiccation prior to the shower. 

K6ppen’s 1918 revision of his climatic classification 
included a technique for using T and P data to 
estimate whether P is greater or less than E at a 
given station. This technique was later considered 
unsatisfactory and revised, hence will not be ex- 
plained here. Perhaps the best modification is that 
proposed by Bailey in 1948. 

Meyer’s (1926) P/SD ratio discounted precipita- 
tion according to the lowness of relative humidity as 
well as the highness of temperature, although wind 
and atmospheric pressure variables are unaccounted 
for as they would be if evaporation data could be 
used. Despite this limitation, a comparison between 
Eand SD in Australia yielded a remarkably high cor- 
relation coefficient of 0.972 (Prescott 1938) inasmuch 
as other factors controlling evaporation were not 
taken into account. Papadakis (1954) modified this 
ratio to (P mm /20)SD, applying it to monthly data, 
and concluded that a value of 0 corresponds to the 
dry limits of mesophytie vegetation. The SD method 
unfortunately cannot be widely used in bioclimatolo- 
gy for the reason that official weather recording 
agencies have traditionally centered their interest 
upon temperature and precipitation, making relative 
humidity records at very few locations. Consequent- 
ly, for lack of more significant data, the bioclimatolo- 
gist is foreed to use only temperature data in esti- 


relative 


summer could 
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mating the effectivity of precipitation if he depends 
upon official sources of information. 

The theoretical advantage of P/E over P/SD or 
P/(T +10) was borne out by a series of com- 
parative data presented by Andrews & Maze (1933). 
Included in the series are two months which had 
identical P/E (evaporation being actually measured ) 
values. The P/(T +10) values for these months 
were 4.40 and 2.78; P/SD values were 23.8 and 
20.9. This indicates a large error for water-balance 
criteria based on P and T, and even an appreciable 
error when based upon P and SD, yet the E data 
which might be available for geographic study are 
equally as unsatisfactory on account of their lack of 
homogeneity! Since different types of evaporimeters 
give different data, critical values of P/E vary ae- 
cording to the type of evaporimeter used. 

In 1931 Thornthwaite presented a Linsser type of 
formula which was intended to give an approxima- 
tion of precipitation /evaporation values, using only 


P in inches 


10/9 
T°F10 / 


rainfall and temperature data: ( 
Twelve monthly values obtained thus were summed 
to arrive at a single value for each station. 

Neither this or earlier modifications of the Linsser 
equation took Van t’Hoff’s law into account, and to 
accomplish this, Angstrém (1936) proposed the equa- 
tion: P/(1.07T). Setzer (1946) has published a 
nomogram which facilitates determination of these 
monthly values. 

A very valid criticism which has been made of any 
technique of balancing actual precipitation values 
against evaporation is that the latter may far exceed 
the former during a dry season. From the stand- 
point of plant ecology, once the soil has dried to the 
wilting percentage and vegetation becomes dormant, 
further increase in the severity of drouth is of minor 
importance. However, a P/E ratio, or for that 
matter a P/T ratio, continues to increase in magni- 
tude indefinitely beyond the point at which the 
ecologically critical condition has been attained, and 
therefore, such values used without discrimination 
can greatly overemphasize the severity of drouth. 
Theoretically, the duration of drouth beyond this 
critical point is more important than further in- 
crease in the disparity between P and E or T. An- 
drews & Maze (1933), therefore, used the Linsser 
method experimentally to determine the critical point 
on the seale of decreasing moisture, then evaluated 
drouth intensity in terms of duration. Using de 
Martonne’s equation, P/(T +10), they considered 
as dry all those months in which the index did not 
exceed the value of 1. 

Davidson (1934) combined the drouth-duration 
concept of Andrews & Maze and the technique of 
Livingston (1913) by determining the number of 
months when recorded P exceeds E as _ estimated 
from SD. In 1935 Davidson suggested a P/E value 
of 0.5 as indicating the critical drouth threshold, and 
two years later Trumble (1937) revised the critical 
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value down to 0.3. Prescott, et al. (1937) used this 
concept to determine the length of the season when 
soils contain growth water, and ignored P that does 
not fall during this season. To the extent that it is 
practical, such calculations should be based on soil 
textures prevailing in each area, for the water-hold- 
ing capacity of soils varies considerably. Haude & 
Moese (1937) attempted this by an index calculated 
as follows: 

500 + (2 x no. of days with P of at least Imm) — 
(mmP needed for textural class of soil — mean an- 
nual P in mm — (100 x SD in mm)) x P of Nov. to 
Apr./P of May to Oct. 

They recognized five textural classes varying in 
water-need from 400-600mm per year. 

In 1948 Thornthwaite described the most compli- 
cated scheme that has yet appeared for estimating 
the environmental water-balance. First, he estimates 
water need. From a table of empirical values a heat 
index is obtained for each month according to its 
mean temperature, and the 12 values are summed. 
Using the annual sum of monthly heat indices to- 
gether with mean monthly temperature, an estima- 
tion of potential evapotranspiration is obtained from 
a nomogram. Each of these monthly values is multi- 
plied by a factor for latitude, and then all are 
summed to get annual water need in em. 

Water need is next compared to actual precipita- 
tion to determine whether there is a surplus or deficit. 
In this evaluation he considers only 6 em of monthly 
surplus equivalent to 10 em of deficit on account of 
the soil’s ability to store water. The actual balanc- 
ing of monthly surpluses and deficits to obtain the 
yearly index is accomplished by: (100 x surplus)— 
(60 x deficit) /potential evapotranspiration. It is 
interesting to note that Thornthwaite gives an equa- 
tion which can be used to convert the values obtained 
by this complicated method to values which would be 
obtained by his 1931 version of the Linsser equation. 
There would seem to be much merit in Blumenstock’s 
(1939) comment that there is little advantage in 
attempting to devise better ways of using tempera- 
ture and precipitation data to estimate environmental 
water-balance, for all such techniques yield parallel 
isoclimatic lines. 

So long as the bioclimatologist must be content with 
using none but temperature and precipitation data 
in evaluating the environmental water-balance,* the 
simplest techniques, such as those used by Linsser, 
Lang, or de Martonne would appear adequate. The 
duration of drouth should be given at least as much 
weight as its intensity. Possibly the addition of a 
factor related to the number of rainy days, as Walter 
has done, would increase the significance of the 
evaluation. A more adequate solution of this prob- 
lem, however, would be to obtain evaporation data 
for at least a few years’ records at all stations. 

All the above concepts assume that the arithmetic 


* Although a method has been proposed for the estimation 
of evaporation using mean air T, the duration of sunshine, 
vapor pressure, and wind velocity (Penman 1950), this holds 
little promise for geographers since stations recording all four 
elements of weather are very rare. 
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average of precipitation records provides a satis- 
factory criterion of “normal” precipitation, but the 
fallacy of this viewpoint has been emphasized by 
Hayes (1935), Gisborne (1935), Pedersen (1940), 
Church, et al. (1941) and Lackey (1942). A single 
abnormally heavy shower in a dry climate which may 
have no significant long-enduring effect on vegetation 
may more than double the average monthly value for 
a matter of decades. Medians are not so abnormally 
influenced by such weather accidents, hence are 
definitely superior as criteria of “normal’’ precipita- 
tion. It may be worth noting in passing, that this 
principle does not apply to temperature data, where 
means and medians tend to be very similar. 


THE TEMPERATURE FACTOR 

During most of the 19th century, specifically start- 
ing with the work of Boussingalt in 1837, attempts 
to express the seasonal march of temperature in re- 
lation to plant growth were largely concerned with 
summing mean daily temperatures when these rose in 
excess of some empirical value, usually assumed to lie 
between 0° and 6°C, which was considered to be the 
threshold for biologie activity. The resultant sums 
were often referred to as “thermal constants,” and 
were calculated chiefly in connection with phenology. 
After an exhaustive study of this concept, which had 
been popular for so long, Linsser (1896, see Abbe 
1905) coneluded that at different locations the same 
stage of plant development requires different mean 
daily temperatures, and different sums of tempera- 
tures, and different sums of the squares of tempera- 
tures. There is no zero point that can be used to 
make such sums equal and thus demonstrate the reali- 
ty of a “thermal constant.” 

Despite Linsser’s conclusions, Merriam (1898) 
maintained confidence in the summation concept and 
attempted to use it in delimiting biogeographic areas. 
He assumed that temperature sums set the upward 
altitudinal and latitudinal limits of biotas, but that 
heat tolerance, expressed as the mean temperature of 
the six hottest consecutive weeks in summer, de- 
termined lower altitudinal and latitudinal limits. Al- 
though this work lacked any experimental basis, it 
introduced into the U. S. A. an already obsolete 
faith in the all-important role of temperature, and 
despite a tremendous amount of subsequent evidence 
proving its fallacy (see Daubenmire 1938, 1947) 
Merriam’s life zone concept still has a few adherents 
in the U. S. A., in faet, the usefulness of temperature 
summation is by no means universally rejected (Rich- 
ards 1950). 

Supan (1879, see Thornthwaite 1943) represented 
a group of geographers who became interested in 
isotherms, as information accumulated, so that it be- 
came possible to locate them with reasonable ac- 
curacy during the 19th century. He accorded con- 
siderable geographic significance to the mean annual 
isotherm of 20°C and to the warmest-month isotherm 
of 10°C, in an attempt to give quantitative values 
for the old Greek concept of major thermal belts. 
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In the same year K6ppen let biogeographic facts 
influence his use of these values in mapping tempera- 
ture zones, by expressing the duration of seasons 
above, between, and below these levels (Leighly 
1949). 

Koppen’s first climatic classification (1900, see 
Ward 1918) made much use of the temperatures of 
the coldest and the warmest months, thus adding the 
concept of cold tolerance which Merriam, Supan, and 
others had ignored. 

In 1913, Livingston & Livingston became interested 
in the summation technique and suggested as an im- 
provement an exponential method of summing tem- 
peratures for the frost-free season. They pointed 
out that different levels above a threshold tempera- 
ture have different effects upon chemical reactions, 
that according to Van’t Hoff’s law, each rise of 
temperature of 10°C doubles the rate of chemical 
reactions. Assuming this to apply to plant fune- 
tions, they calculated a of values for each 
mean daily temperature level for the range of 4.4 to 
37.2°C. These exponential values were to be 
summed, using mean daily temperatures only to de- 
termine which exponential value to use for each 
day. The implication was that the higher the tem- 
perature the more favorable the climate, without 
limitation. It is significant to note that they found 
their map made on the basis of exponential values, 
and another based on simple summation, had paral- 
lel isotherms. Perhaps this accounts for the fact 
that in another paper published the same year, Liv- 
ingston (1913) summed temperature in excess of 
0°C, ignoring Van’t Hoff’s law! In both of these 
papers only the frost-free part of the year was con- 
sidered as significant in plant growth, but the fact 
has subsequently been demonstrated many times that 
the seasons, of plant growth and activity in climates 
where there is frost, rarely if ever coincide with the 
frost-free segment of the vear. 

Christie (1913) expressed temperature efficiency 
as the mean of the four warmest months. Applying 
this statistic to eastern Canada, he concluded that 
isotherms could be constructed which would match 
the ecotones between tundra and taiga, and between 
taiga and temperate forest. 

In 1914 MacDougal pointed out that the effect of 
increasing heat on plant growth did not produce 
ever-increasing acceleration of plant growth in ae- 
cord with Van’t Hoff’s law (a conclusion reached by 
Russell in 1912 after reviewing earlier researches, 
but discredited by Livingston & Livingston (l.c.)). 
He showed how the sigmoid growth curve for Triti- 
cum sativum could be used to evaluate the efficiency 
of temperatures within different segments of the tem- 
perature scale, as recorded by a thermograph. Mace- 
Dougal’s concept was borrowed by Livingston (1916) 
three years later, but here the growth curve for Zea 
mays seedlings was used as a base, and an index 
value for each degree on the temperature scale was 
caleulated. It was suggested that these index values 
corresponding to mean daily temperatures could be 
Summed to compare cumulative heat units received 
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at different stations and thus be used in biogeogra- 
phy. Here again it was found that a map based on 
the new indices “shows isoclimatie lines having much 
the same general direction as those exhibited by most 
other temperature charts of the United States... .” 
(l.e.). 

K6ppen’s revised climatic classification of 1918 
was notable for its flexibility. Different aspects of 
temperature were used to delimit different subdivi- 
sions of the major climatic provinces. He sometimes 
used the temperature fo the warmest or of the coldest 
months, mean annual temperatures, and the number 
of months with temperature 10°C: 
Biologically more suitable means of using tempera- 
ture data had ben proposed, but this was the first 
good climatic classification which adopted the princi- 
ple that in wet climates temperature might be more 
important than precipitation variations, and vice 
versa in dry climates, a concept clearly enunciated 
by Dove in 1846 (see Thornthwaite 1943). 

The following year Hartzell (1919) directed at- 
tention to the inadequacy of the elemental data avail- 
able, and to the way in which these are usually em- 
ployed. He showed that estimating mean tempera- 
tures by averaging only the maximum and minimum 
daily values produces errors that are predominately 
positive. These errors vary in magnitude from day 
to day and season to season, and he judged them 
sufficient to mask fundamental relationships between 
The Interna- 


mean above 


temperature and organismal behavior. 
tional Meteorologic Commission recommends reading 
temperature at 7 a.m., 2 p.m., and 9 p.m. then weight- 
ing these values to approximate the true means of a 
24-hour period (Conrad & Pollak 1950). 

In 1931 Thornthwaite proposed calculating month- 
ly expressions of temperature by the formula: (T°F 
— 32) /4, using 32 for any month with T lower than 
this value. Such monthly values could then be 
summed to provide comparative expressions of 3- 
month periods® or for the year. In his 1948 classifi- 
cation 9 thermal proinees were defined on the basis 
of the same estimates of potential evapotranspiration 
which he used in evaluating environmental water-bal- 
ance. 

Klages (1942) added further emphasis to Living- 
ston & Livingston’s conclusion in 1913 that all as- 
pects of the temperature factor tend to change in the 
same direction in moving from one well-defined cli- 
matic type to another. It may, therefore, be ex- 
pected that all manipulations of standard tempera- 
ture data will produce essentially the same pattern 
of thermal provinces if appropriate arbitrary points 
on the continuous seales are selected to delimit the 
provinces. 

All the temperature calculations described above 
involved use of daily “means,” i.e., averages of the 
daily maximal and minimal values. When tempera- 
ture is considered in relation to precipitation ef- 
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January-February in the southern hemisphere, 
are not always the 3 hottest months. 
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fectivity this procedure is justified, but evaluating 
the efficiency of temperature for plant functions is 
a different matter. A number of botanists have 
questioned the assumption implicit in the use of 
mean daily temperatures, that the effects of high 
diurnal temperatures are offset by the degree of chill- 
ing at night. In 1849 Quetelet (see Abbe 1905 p. 
188) made the first use of this physiologic concept 
by recording the maximal daily temperature of a 
thermometer fully exposed to the sun, and summing 
temperatures above O°C from January 1 to the 
dates of leafing and flowering. With species not con- 
trolled by the photoperiod, he obtained close correla- 
tions with temperature sums for different years. In 
1884 Angot (see Abbe 1905 p. 279) tried a variant 
of the technique simply by shading the thermometer, 
but obtained results indicating that sums based on 
such maxima were no more closely related to phenolo- 
gy than are sums based on means. 

Averages, rather than sums, of daily maximal tem- 
peratures were first effectively used in Europe half 
a century ago. de Quervain (1903, see Schréter 
1926 p. 44) showed that for the Swiss Alps varia- 
tions in the elevation of upper timberline are closely 
related to variations in the monthly means of daily 
noon temperatures. Mikula (1911, see Hustich 1948) 
and Brockmann-Jerosch (1919) extended this line of 
investigation and found that cold timber lines 
throughout the world were more closely related to 
the isotherm representing the mean of daily maximal 
temperatures in midsummer, than to any other tem- 
peratitre — statistic. Enquist (1933) constructed 
curves showing the number of days in the year that 
the maximal temperature could be expected to reach 
or exceed each value on the temperature scale, one 
group of curves representing stations at which a 
plant is native and another group for stations be- 
yond its northern limits. Two families of curves 
could be recognized, with a critical point of diverg- 
ence representing the geographic limits. Thus in 
Scandinavia Betula must have at least 26 days with 
a maximum of 14°C or more, and Fagus sylvatica 
requires 345 or more days with temperature above 
7°C. Much physiologic experimentation has lent 
further support to the view that the high heat of 
mid-day is not nullified by low nocturnal tempera- 
tures, as is implied by the practice of averaging max- 
ima and minima; therefore such a practice should be 
discontinued wherever temperature data are sum- 
marized in relation to plant functions. 

Shreve (1911) approached the temperature factor 
experimentally from the opposite direction,—the abil- 
ty of the plant to endure periods of unfavorable 
temperature. Cereus giganteus, a cactus native to a 
warm desert, he found unable to endure more than 
14 consecutive hours of freezing temperature. Since 
he was dealing with a species easily injured by low 
temperature, the roots as well as the shoot were 


subjected to violent temperature changes, and fatally 
low temperature extremes have never been reported 
for native species in the northerly part of the Cordil- 
leras where the present investigation was made, the 
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study of low temperature endurance would seem to 
hold little promise of yielding significant correlations 
here. 

Low temperature requirements present still another 
problem in phytoclimatology. There is abundant 
evidence that the low altitudinal and latitudinal lim- 
its of many species of plants are set by a point be- 
yond which there are too few days of low tempera- 
ture (e.g. below ca. 7°C). There would seem as much 
argument for introducing a cold-efficiency factor into 
climatic classification as for the heat-efficiency factor, 
but this seems never to have been attempted. 


CLIMATIC VARIABILITY AND SEASONAL RHYTHMS 

The practice of averaging environmental measure- 
ments always obscures the nature and degree of 
climatie variations, and the longer the period covered 
by an average the more serious the problem becomes. 
Képpen pointed out the limitation that averaging 
places upon the interpretation of weather as early as 
1874 (Leighly 1949). Ecologists have for some time 
been aware that annual means of temperature (and 
to a certain extent, precipitation also) are scarcely 
worth even the small amount, of trouble involved in 
their calculation, but the degree to which greater de- 
tail in expressing variation may be warranted re- 
mains unknown, if indeed there is a single answer. 

In 1927 Robertson emphasized geographic trends 
in variability of rainfall from year-to-year, con- 
structing maps of rainfall reliability based on stand- 
ard deviations. Transeau (1930) also argued for the 
importance of this aspect of bioclimatology. Ae- 
cording to him, the temperate forest of southeastern 
North America and adjacent grassland to the west 
differ not in their mean rainfall, but in the frequency 
of wide monthly and annual diviations from the 
mean. 

It is instructive to consider the only well-docu- 
mented instance in which extreme weather seems to 
have definite influence upon the boundaries of phy- 
togeographic areas. The great drouth centering 
about 1935 allowed an extension of the Agropyron 
smithii-Bouteloua gracilis grassland eastward into 
territory in central North America which had been 
occupied by an Andropogon scoparius grassland. But 
it is important to note here that this drouth influence 
was soon erased by a return to normal precipitation. 
If a consecutive series of extreme years produces no 
permanent change in bioclimatie boundaries, then 
year-to-year variability in climate, such as can be 
expressed by the standard deviation or coefficient of 
variability, is probably of negligible importance in 
biogeography, even though this feature of climate is 
of considerable moment to agriculture where the 
maintenance of high annual yields is essential. Since 
well-established plants are seldom damaged by cli- 
matie extremes, and since perennials do not depend 
upon the annual establishment’ of seedlings, vegeta- 
tion dominated by perennials possesses considerable 
buffering against weather extremes, simply as a con- 
sequence of longevity. 

The regular sequence of changes in precipitation 
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and temperature which follow an annual cycle ap- 
pear to be of much more general importance in 
bioclimatology than are erratic conditions discussed 
above. Given the same 12 monthly values of tem- 
perature, for example, their sequence in relation to 
the timing of the rainy season has a very great effect 
upon vegetation, soil development, and run-off. It 
is to be noted that even Linsser calculated P/T ratios 
for each month, although he used these only as he 
considered them critical rather than maintaining all 
the separate values in his expression of a climate. 
The first attempt at the latter appears to be that of 
Raunkiaer (1942) who in 1907 superimposed graphs 
of precipitation and temperature, using twelve 
monthly means for each to construct the curves. Such 
a graphic device he called a hydrotherm. 

In 1910 Ball introduced another graphic type of 
expression which came to be known variously as the 
climograph, climagraph, climogram, hythergram, or 
hythergraph. He expressed temperature on the ordi- 
nate, and relative humidity on the abscissa. Twelve 
points, each representing monthly means of the two 
statistics, were then connected in the proper order to 
make a closed line. The order of progress on such 
a graph must be indicated, for two identical figures 
with opposed progression would represent very dif- 
ferent climates. Also it may be noted that the line 
may, or may not, cross itself once (or twice) to form 
something like a figure 8. Subsequent variations of 
this type of graph have involved the use of wet-bulb 
temperature with relative humidity (Taylor 1914), 
and precipitation with temperature (Taylor 1919). 

Munns (1922) devised a third form of climatic 
graph which he named the climatograph. This con- 
sists of 12 equally spaced radii emanating from a 
zero point with an arithmetic scale of increasing 
values marked along each radius. Plotting monthly 
means of temperature in order around the series, 
these points are then used to draw a polygon. A 
second polygon representing precipitation is super- 


imposed. Munns further recommended shading in 
those sectors of the precipitation polygon which 


represent the period when temperature is favorable 
to growth. 

Russell (1934) pointed out that at a station situ- 
ated along the boundary of two climatic areas de- 
limited by quantitative data, the values for relative- 
ly dry years warrant placing the station definitely in 
the drier of the major climatic types, whereas in a 
relatively wet year the statistics fit the definition of 
the province on the other side. Stations which in 
contrast always experience conditions that fit them 
into the same climatic category are said to define a 
“nuclear climate,” whereas those experiencing an 
alternation of two types form a broad transitional 
area between two nuclear areas. Such a concept can 


be used in connection with any type of climatic clas- 
sification, and different transitional areas will be de- 
fined in each ease. 

K6ppen considered climates as winter-wet if the 
wettest month in winter has at least 3 x as much P 
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as the driest summer month, or summer-wet if the 
wettest month in summer has at least 10 x as much 
P as the driest winter month. Stations where there 
is less contrast in seasonal P than indicated above 
comprised his third category in which rainfall is 
relatively uniform throughout the year. Seasonal 
differences in temperature were for the most part 
based on comparisons of means of the coldest and 
warmest months. Obviously such crude divisions 
lump very different rainfall and temperature re- 
gimes, providing sharp and artificial discontinuities. 

Thornthwaite (1931) gave much more attention 
to seasonal rhythms. Each climatic designation con- 
tained a symbol for one of five classes based on the 
percentage of total annual heat units received in the 
three summer months. Another symbol designated 
five classes of seasonal variation in the P-E ratio. 
This system defines 32 climatic types for the earth’s 
surface. His 1948 proposal treated seasonal rhythms 
in much the same manner. 

Possibly the subjective use of symbols rather than 
the more objective graphs is adequate if sufficient 
numbers of combinations are established. Stefanoff’s 
(1930) system recognizes only 16 bioclimatie types, 
using mean annual temperature, number of months 
with mean temperature below freezing, and duration 
of the rainy season in months. Swain (de Beuzeville 
1943) proposed a classification making use of the 
mean temperatures of the coldest and hottest months, 
number of months with less than 2 in. of precipita- 
tion, season of lowest monthly rainfall, and mean 
annual precipitation. His system results in 253 eli- 
matie types, which are intended for universal ap- 
plication. Holdridge (1947), proposed 100 climatie 
provinces using the temperature of those months 
with means above freezing, mean annual precipita- 
tion, and altitude. 


COMPARISONS OF CLIMATES OF VEGETA- 
TION BELTS ACCORDING TO UNIVERSAL 
CLIMATIC CLASSIFICATIONS 


EVALUATION OF WEATHER STATIONS 

Correlations between climate and vegetation dis- 
tribution are meaningful where vegetation 
boundaries are relatively stable. This question is 
adequately answered for eastern Washington and 
northern Idaho by fossil pollen studies which indi- 
cate very little changes in the positions of ecotones 
since the beginning of post-Wisconsin time (Hansen 
1943a, 1943b, 1944). 

If data from a series of weather stations are to be 
used comparatively in relation to vegetation types, 
it is essential that the vegetation characteritics of 
each station be determined accurately for purposes 
of grouping the stations. To illustrate how much 
the validity of phytoclimatology depends upon a cor- 
rect interpretation, Larsen (1930) ineludes both 
Coeur d’Alene and Bonner’s Ferry in his group of 
weather stations representing a “forest type” in 
which “western yellow pine is everywhere the climax 
species.” I have classified the Coeur d’Alene records 


only 
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(actually taken at Fernan Ranger Station in a val- 
ley east of the city) as representing a Pseudotsuga 
climax, and the Bonner’s Ferry station as represent- 
ing a Thuja-Tsuga habitat. 

All U. 8. Weather Bureau stations whose data are 
employed in the present study have been visited and 
appraised on the basis of rather intensive studies of 
the vegetation mosaics involved (Daubenmire 1943, 
1952). Stations situated where rugged topography 
or extreme disturbance made a phytogeographie eval- 
uation uncertain were avoided wherever possible. 
Even this safeguard does not preclude error, for in 
no eases is the original vegetation still growing on 
the actual site of the weather stations. But where 
opportunities for reappraisal of the nature of origi- 
nal vegetation came at widely separated intervals, 
there was agreement for all stations used. 

Soils have a tremendous influence on the distribu- 
tion of plant communities, and it is necessary to re- 
duce to a minimum the complexity introduced by 
edaphic compensation in a study of bioclimatology. 
Accordingly, the only type of vegetation considered 
significant in this study is the climatic climax® which 
is defined as any apparently self-perpetuating asso- 
ciation that characterizes gently undulating loamy 
soils with average solute content. The climatic cli- 
max habitats are, therefore, closely equivalent to 
the zonal soils of the pedologist, with edaphic and 
topographie climaxes (here omitted when recognized 
as such) corresponding to intrazonal and azonal soils. 
Stations were evaluated according to the climatic 
climax regardless of whether or not an edaphie cli- 
max appeared to have occupied the site of the weath- 
er station originally. Stations situated in small areas 
of a topographic climax were not included because 
standard techniques of gathering climatic data are 
intended to avoid recording details of microclimate 
upon which the topographic climax depends, yet 
there is no certainty as to the degree to which this 
objective is attained. 

On the basal plain it was easy to locate enough sta- 
tions with long climatic records to provide a good 
sample for climaxes that are easily determined, but 
starting at the edge of the foothills, only a small num- 
ber of stations could be found that seemed clearly 
representative of each vegetation unit. Hence, the 
data must be considered much more reliable for the 
low-altitude vegetation types. 

In an attempt to make this study as objective as 
possible, the stations were selected entirely without 
reference to their climatic data, but shortly after the 
comparisons were begun the records for one station 
were found so anomalous that its use was finally 
discontinued. Bickleton, Washington, is a small 
town situated on the summit of a ridge at the eastern 
end of the great gorge of the Columbia River. The 


climatic climax for the townsite where the weather 
station is located was judged to be the Agropyron / 
Poa association, but graphs representing the monthly 
data show no similarity to any of the families of 


*This term has been used in two sharply different senses. 
: —— to apply it to the polyclimax viewpoint as elucidated by 
Tansley 


(1935). 
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curves representing all other stations in this vegeta- 
tion type. The station was revisited but no reason 
was found to change the estimate of the climatie ¢li- 
From inhabitants of the town it was learned 


max. 
that the site is very windy and in view of the no- 
torious winds that characterize the region (see 


Lawrence 1939) and the lack of a shield for the rain 
gage, actual precipitation here may well be much 
different from that recorded. Furthermore, even if 
temperature and precipitation appear to be fairly 
adequate indices of phytoclimate elsewhere, it is 
possible that the excessive wind here may assume 
such importance as to compensate for heat and water 
conditions that would otherwise produce a very dif- 
ferent climatic climax. The degree to which this 
anomalous climatic record detracts from the signifi- 
cance of the remainder of the findings is a matter 
which each reader will have to judge for himself. 

On account of the limited number of weather sta- 
tions, these had to be grouped into rather broad vege- 
tation units. The scope of these units is briefly indi- 
cated below, descriptions of the specific components 
having been published previously (Daubenmire 1943, 
1952). 

Artemisia belt. Nearly all stations grouped under 
this heading are believed to represent the Artemisia 
tridentata /Agropyron spicatum association which is 
climatic climax over most of the semidesert region of 
Washington. 

Agropyron belt. This drier subdivision of the 
grasslands is characterized by the Agropyron spica- 
tum/Poa secunda association playing the role of 
climatic climax. 

Festuca belt. The less arid grasslands that abut 
upon forest in the southeastern part of the study area 
are characterized by the Festuca idahoensis /Sym- 
phoricarpos rivularis association which is climatic 
climax at all weather stations indicated as represent- 
ing the Festuca belt. 

Pinus belt. Along the lower border of the conifer 
forests is a belt in which Pinus ponderosa is the sole 
arborescent dominant. Several associations may play 
the role of climatic climax in different sectors of this 
belt as it encircles the unforested plateau. It has not 
been feasible, however, to subdivide the belt, and it 
has been necessary to assume that there are climatic 
similarities among these associations which distin- 
guish them collectively from the contiguous vegeta- 
tion belts. 

Pseudotsuga belt. The Pseudotsuga taxifolia/ 
Physocarpus malvaceus association is the principal 
climatic climax in that part of the forest which abuts 
upon pure Pinus forests in the region under study. 

Thuja-Tsuga belt. Several associations are defi- 
nitely known to be climatie climax in different sectors 
of the mesophytic forests adjacent to the Pseudotsuga 
belt which are here grouped as a Thuja-Tsuga belt. 
Fenn Ranger Station, southernmost of the series, 
repersents the Thuja plicata/Pachistima myrsinites 
climax, and all the others represent the Thuja plicata- 
Tsuga heterophylla /Pachistima myrsinites climax. 
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Picea-Abies belt. All forests above the altitudinal 
limits of the Thuja belt in which Picea engelmanni 
and/or Abies lasiocarpa are the principal climax 
dominants are referred to as the Picea-Abies belt. 
Data representing this forest belt are inadequate to 
permit its comparison with other belts using the 
standard classification schemes, but the statisties 
available are used in a subsequent section of this 
study. 

The area over which all the stations representing 
these belts are scattered is approximately 400 km 
square, lying between 121-115° longitude and 45- 
49° north latitude. 


COMPILATION OF DATA 

As pointed out earlier the fact is well known that 
arithmetic averages are less significant than median 
climatic measurements. However, mean values were 
used in comparing climatic classifications because the 
classifications were planned with their use in mind. 

Rarely were stations with less than 10 years of 
records used. No attempt was made to adjust short- 
period records on the basis of corresponding segments 
of long-period record at other places. Such a pro- 
cedure presumes homogeneity of data at the older 
stations, but this is definitely not the case. Most long 
records are kept for a time at ground level, then the 
instruments are elevated to the roof of a tall build- 
ing, and all the while the growth of the surrounding 
city brings about an appreciable change in the eli- 
mate to which the instruments are exposed (Lands- 
berg 1941, Brooks 1948). Temperature and wind 
conditions are definitely altered, and since rain gages 
are rarely shielded, P records are likewise altered by 
virtue of the wind change. Weather instruments at 
Spokane, for example, were located on different 
buildings probably lower than 100 ft above ground 
from 1892-1902, then placed on another building at 
253 ft until 1941, at which time they were lowered to 
6 ft above ground and taken to an airport beyond the 
influence of city microclimate. Adjustment to a 
particular segment of such a long record may in- 
deed increase the amount of error initially contained 
in the short record. 


RESULTS FOR STANDARD CLIMATIC CLASSIFICATIONS 

The stations selected to represent six vegetation 
belts, and the classifications of these station according 
to Koéppen’s, Thornthwaite’s 1931, Thornthwaite’s 
1948, and Swain’s proposed divisions of climate are 
presented in Table 1. 

In the Képpen series, with but two exceptions, the 
vegetation belt containing exclusive climatic types 
is at one terminus of the series where only unilateral 
comparison is possible. Had the series included a 
belt hotter and drier than the Artemisia semidesert, 
the individuality of this too would undoubtedly have 
dropped to a low level. The degree of overlap in 
climatie symbols and vegetation is so extreme that 
Fenn Ranger Station in the mesophytie Thuja- 
Tsuga belt has the same designation as Lind in the 
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Artemisia semidesert. Both Csa and Csb run the 
entire gamut of vegetation belts. 
Thornthwaite’s 1931 classification likewise shows 


almost no exclusiveness except in the terminal units, 
and apparently for the same reason. 

As in the preceding two comparisons, Thornth- 
waite’s 1948 system shows least overlap when the 
terminal zones are compared with others in the series. 
But in contrast with the above, there are more sta- 
tions per belt that are exclusive. This seems to re- 
flect nothing more fundamental than the great in- 
crease in complexity of the symbols: so many factors 
affect the symbol-combinations that it is unusual to 
find identity even within the group of stations that 
represent one vegetation belt. Overlap is very great 
in this series as well as in the preceding ones. Col- 
ville, located in the rather moist Pseudotsuga forest 
has the same apparent climate as Davenport situated 
in the arid Artemisia belt. It was disconcerting to 
find that the classification of weather stations 
cording to this scheme (and perhaps the others as 
well) varies considerably according to the length of 
the record used. As this study neared completion the 
writer had opportunity to check his station symbols 
according to the 1948 classification of Thornthwaite, 
with symbols as worked out by Mr. Carlton Schroe- 
der, who has been currently working on another as- 
climatology of eastern Washington and 
northern Idaho. Schroeder used only the 20-year 
records of 1925-1945, the writer used all 
records, representing up to 71 years in length. Only 
8 of the 34 stations we have both used are repre- 
sented by exactly the symbol-combination. 
There is fully as much biologie overlap in Schroeder’s 
determinations as in the writer’s. For example, St. 
Maries, Idaho, in the mesophytie Thuja-Tsuga belt 
has a symbol that is almost identical with that of 
Dayton, Washington, which is in the drier of our 
grassland belts. 

In Swain’s classification, the limits of the class 
values are systematic rather than having been varied 
with a view to producing climatic provinces which 
correspond to the vegetation pattern. Yet the cor- 
relation with vegetation is approximately equal to 
the other classifications which were designed on this 
basis. It may be observed (Table 1) that the eli- 
matie province represented by 8.le is found through- 
out the belts with the sole exception of the Artemisia. 
These unsatisfactory results stand in sharp contrast 
with those of de Beuzeville (1943) who stated that 
“the limits of indigenous vegetation (of Australia) 
are in close accord with the climatic limits arrived at 
by means of this classification. . . .” 

So much diversity has been encountered in the 
polynomial symbols representing these carefully de- 
limited vegetational-climatie provinces that a _ tre- 
mendous amount of irregularity would have to be 
ignored to construct a climatic map showing well- 
defined and continuous climatic provinces in eastern 
Washington and adjacent Idaho. It would be in- 
structive to know the extent of smoothing that has 
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TABLE 1. 
when it is encountered in no other vegetation belt. 
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Vegetation Weather Station K6ppen | Thornthwaite Thornthwaite Swain 
Belts and State 1936 | 1931 1948 1938 
Davenport, W............ | _Dsb | CC'se C,B’ sb’, 8.1b 
oy ee | *BSks | DC‘d(c or b) *BD':db’s | *8.2a 
Hartline, W.............. | *Dsa | *DC’de *DB’ cb’: | 8.2b 
Kennewick, W............| *BSks | DB’db | *EB’:db’s | *8.2a 
SN sol on sleek ens | Csa *DC'de | *DB‘sb’, | 8.2b 
Artemisia Okanogan, W............ | *Dsa | *DC'se | DB‘sb’, | §8.2b 
i | *BSks | DC'db DB’ :db’s | *8.1a 
SS Sere | Csb | CC’s(e or b) *C\B’isb’s | 8.1b 
"eae | *BSks | *EC’db *EB’:d(b’: or b's) =| *8.2a 
Wenatchee, W............| *Dsa | *DC'se *DB' sb: | 8.2b 
a ese no 
Clarkston Hts., W........ Csax | DC’db DB’ db’; | 8.(2 or 4)b 
Lacrosse, W.............. | Csb | CO’sb *C,B’sb’s 8.1b 
ey er | Csax | DB’db DB’:sb’, 8.2b 
Agropyron Pomeroy, W.............| Csb | CC’sb *C,B’s2b’; 8 is 
eee | DB’db *DB'.db’s *8.4b 
Walla Walla, W.......... | Csa | CCsb *C,B’-sb’s 8.2b 
WON Ws. ox ssi 5. | Csa | CB’sb C,B’:s2b’s | *8.4¢ 
Grangeville, I............ | *Csbx CC’'re *C.B’isb’2 | 6.1la 
SS a re Csb BC’se C.B’is2b’2 | 6.1a 
Festuca St ee | Dsb CC’re *CB'isb's | 8.1¢ 
4 See | Csb (B or C) C’se C.B’is2b’s 6.2a 
NS Was os oo oieisee oa Csb CC’se *C.B’is2b’s | 8.1e 
CS , Dsb CC’re *C.C’»sb’s | 8.1e 
Gle Elum, W............. Csb BC’se B,B’\s2(b’, or b’s) =| ~~ 6.1a 
CS ae oe Csb BC’se B,B’\s2b’2 | 6.2a 
Pinus SS eee Csax (B or C)C’r(b or ce) C.B’;s2b’2 | 6.2a 
Leavenworth, W..........| | Dsb BC’'se C.B’iszb‘2 | 8.le 
4 Saas Csb *BC’sb *B,B’\s:b’s | *6.2b 
ee eee Csb CC’se *C\B’is2b’s | 8.le 
Sarre Dsb BC’se B,B’;sb’2 | 6.1a 
— er Dsb BC'se C2B’,s2b’; | 8.1e 
Coeur d’Alene, I.......... Csb BC’se B,B’ sob’ | 6.1a 
Pseudotsuga Colville, W...............| Deb CC’se C,B’:sb’2 | §8.1e 
Sf aaa Csb BC'se *B,B‘isb’s | 6.1a 
Republic, W............. *Dsbx CC’(s or d)c C,(B’s or C’:) sb’: | 8.1b 
Oy ee Csb BC'se *B.B’ sb’. | *4.1b 
Bonner’s Ferry, I......... Dsb BC'se C.B’;s2b’2 8.1e 
Clark Mork [.............] Deb *BC’re *B3B’isb’s | *4.la 
Fenn Ranger Sta.,I.......| Csa BC’r(b or c) *B.B’isb’. *4.2a 
Thuja-Tsuga it re: Dsb *AC’re *B,C’»sb’2 *4.1b 
Pierce Rang. Sta.,I....... Dsb *AC’re *B,C’sb’2 | *4.1b 
SR es Dsb BC’se *B.C’ssb’2 | *6.1b 
La oO ae Csb BC’se B,B’s2b’2 | *6.1b 
Gamipoint, 2... .........| Deb BC’se *B.B/isb’. | *6.1b 


been employed in making previously published cli- 
matic maps for other regions (e.g., Jones & Bellaire 
1937, Burgos & Vidal 1951). Even with only 7 
stations available for study in relation to the vegeta- 
tion of one valley, Kirk (1951) found some dis- 
crepancies between vegetation and climate according 
to Thornthwaite’s second classification. 

In conclusion it may be stated that none of the four 
classifications proves adequate to define what appear 
to be climatically determined vegetation regions of 
eastern Washington and northern Idaho. From the 
standpoint of vegetation and soil geography, an ideal 
climatic classification would be one in which stations 
located well inside the borders of the major belts 
should show no more than small differences in sym- 





bols, whereas stations in different belts should never 
be represented by exactly the same symbol-combina- 
tion. But such a result has not even been approxi- 
mated, and the overlap in symbols is so great that 
inaccurate or super-refined vegetation classification 
does not seem responsible for failure. If this vegeta- 
tion pattern is primarily determined by climate, the 
evidence has not been uncovered by applying tech- 
niques the climatologists have used for classifying 
climates. Whereas a satisfactory climatic classifi- 
cation should, according to Thornthwaite (1943, p. 
253), permit the “differentiation of the innumerable 
microclimates that make up a climatic type,” none 
seems adequate in this region to distinguish even 
gross categories such as forest and grassland. 
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A SEARCH FOR CRITICAL CLIMATIC VALUES 
CORRESPONDING WITH ECOTONES 

Since four universal classifications failed to dif- 
ferentiate phytoclimates in western Washington and 
northern Idaho, interest was next directed to the 
possibility of discovering if any ways of expressing 
climate might be more successful. 

The most objective method of summarizing a 
large series of figures representing concomitant 
monthly’? variations in moisture and temperature 
seems to be plotting these in the form of a closed 
line,—the method proposed by Ball in 1910. Curves 
for all stations representing one vegetation unit were 
superimposed on the same graph, so that the result- 
ant complex families of curves representing contigu- 
ous vegetation areas could be compared. Points of 
complete divergence may be considered as indicating 
possibly significant climatic differences, and used as 
a guide to select empirical means of statistical ex- 
pression of the differences. Graphs were accordingly 
constructed and many tables calculated to determine 
the reliability of different criteria suggested by the 
divergences shown by families of curves, but only 
the main conclusions from these are summarized be- 
low. 

Before performing this analysis, the median 
monthly precipitation values for each station were 
determined. This procedure becomes more important 
the lower the precipitation, for a single heavy shower 
can have tremendous influence upon the mean even 
though it has negligible significance on the median or 
upon plant distribution. For example, the mean July 
precipitation at Wapato was 5.8 mm over a 32-year 
period, whereas the median was one-sixth of this. 
The mean May precipitation at Ephrata was 39.9 
mm over a 33-year period, whereas the median was 
less than one-third as much. It was found that the 
families of curves representing a single vegetation 
belt showed somewhat closer agreement when based 
on median monthly rather than mean monthly pre- 
cipitation, hence median values for precipitation 
were used throughout the visual analyses. 

The temperature data used in the visual analyses 
are the same monthly means as employed in the com- 
parative tests of climatic classifications. It might 
have been desirable also to test monthly means of 
the daily maximal temperatures, but to extract such 
statistics from the Weather Bureau data would have 
been far more expensive than determining the median 
of monthly precipitation sums. Furthermore, most 
of the positive results of this section concern en- 
vironmental water-balance, in which connection, 
means are superior to maxima. 

On account of the number of closely parallel lines 
in each family of curves, it was impractical to dis- 
tinguish the ascending (warming) from the descend- 
ing (cooling) segments of each closed line, which 
may be a very important matter. To eliminate this 
difficulty the two parts of each line were segregated 
into different figures. 


. * Weekly intervals would undoubtedly prove superior, if the 
“ata were in such a form that these could be easily obtained. 
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THE 
The families of curves representing the Artemisia 
and Agropyron belts (Figs. 1 & 2) were found to 
exhibit considerable homogeneity within the families 
as well as differences between them. The Artemisia 
region differs from the Agropyron in that (1) the 
spring season is usually drier, (2) the driest month 
is usually drier, (3) autumn is consistently drier dur- 
ing the period while the mean monthly temperature 
is dropping through the range from 17-12°C, and 
(4) the coldest month is usually colder. 


Artemisia 





Agropyron ECOTONE 
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Fig. 1. Details of warming curves of Artemisia sta- 
tions, with area of corresponding Agropyron curves 


superimposed. 


Details of cooling curves of Artemisia sta- 
area of corresponding Agropyron curves 


Fic. 2 
tions, with 
superimposed. 


Various techniques were next tried in an effort to 
find more convenient methods of expressing the dif- 
ferential criterion of drouth which the graphic meth- 
od showed to be absolute in autumn. 

When families of curves representing median 
monthly precipitation values alone were superim- 
posed, the surprising fact emerged that these families 
do not separate completely even for one month in 
This shows that precipitation should not 
be studied independently of temperature, and that 


month-by-month comparisons of precipitation are not 
trustworthy in phytoclimatology; different months at 
different stations may fit into the same homologous 
sector of the temperature cycle. 


(1915) do not segregate 
M-I values of Thornth- 
ratios of Thornthwaite 
(1931) segregate for the month of September (Ar- 


The P/T values of Lang 
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temisia values 1.1 or lower; Agropyron values 1.2 or 
higher). There is also a slight segregation in median 
monthly P for September, the values for the Arte- 
misia stations never rising above 15.5 mm and those 
for the Agropyron stations never falling below 15.7. 
These differences, however, are slender, and carry far 
less conviction of significant climatic difference than 
does the graphic comparison of cooling seasons. 

Total annual precipitation based on either mean 
or median values, and sums of median monthly pre- 
cipitation, June through September, do not separate 
the two groups of stations. When median monthly 
precipitations representing months with mean tem- 
peratures above 5°C are averaged, there is a slight 
segregation: the average rainfall of these months 
in the Artemisia belt being 21.1 mm or less, and the 
averages in the Agropyron belt being 22.6 mm or 
more. However, this type of statistical manipulation 
must be evaluated against the fact that the number 
of months with average temperatures above 5°C 
differs among stations. 

Another empirical method tried without success 
was the sums, June through September, of median 
monthly precipitation in inches x (number of rainy 
days/10). This expression proved of no value here 
or at any of the ecotones to be considered subse- 
quently. 

Since the Artemisia belt seems at least as dry as 
the Agropyron belt in summer, and is distinctly drier 
in autumn, it appeared likely that the duration of the 
dry season might be a useful means of stating the 
climatic difference. However, it was found that the 
two climates cannot be separated by (1) the number 
of months when the moisture index (Thornthwaite 
1948) is negative, (2) the number of months when 
the adjusted evapotranspiration (ibid.) exceeded 5, 
(3) the number of months when the P-E ratio 
(Thornthwaite 1931) fell below 3, or (4) the number 
of days when the P/T ratio (Lang 1915) fell below 
4,5 as interpolated from graphs. The last criterion 
of dryness proved equally useless at all subsequently 
described ecotones. 

One further climatic difference seemed worthy of 
study. Since the coldest month in the Artemisia 
belt is usually colder, the old concept of expressing 
continentality as the difference in mean temperatures 
of the warmest and coldest months was tried. The 
values proved not quite distinctive: Artemisia range, 
28.2 to 23.6°C; Agropyron range, 23.9 to 21.7. 

In short, the search for an easy numerical means 
of distinguishing these two vegetation areas was in 
the main unsuccessful, especially in view of the ex- 
cellent results of the graphic method. According to 
the latter, the Artemisia zone is distinctly drier for 


* Field studies during two spring seasons near 3 weather 
stations were made to determine the P/T ratio of the first month 
when the environmental water balance became inadequate to 
keep soil moisture of the upper 0.5 m of the profile near field 
capacity, which was assumed to approximate the moisture equiva- 
lent. The critical value proved to be 4.0 by Lang’s method of 
calculation. Linsser’s method applied to the data gave a critical 
value of 2.0, whereas he judged 1.2 as the value dividing ade- 
guate from deficient water balance. Andrews & Maze’s (1933) 
value of 1 for P/T-10 also seems too low—according to my 
data, it should be about 2.25. 
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an appreciable part of the autumn so long as months 
with comparable mean temperatures are considered 
biologically equivalent irrespective of their position 
on the Gregorian calendar. 

An autecologic observation may appropriately be 
brought up at this point for its bearing upon any 
hypothesis that autumnal drouth may really prove 
to be a key factor setting the position of the ecotone 
under discussion, rather than a fortuitous result of 
meaningless manipulation of statistics. The Arte- 
misia /Agropyron association consists of three princi- 
pal vascular plant unions, the conspicuous evergreen 
bushes of Artemisia that are well spaced, the tall 
caespitose perennial grasses that dot the intervening 
areas more thickly and form the Agropyron union, 
and the diminutive annuals and perennials of the Poa 
union which carpet the ground between the tall 
grasses. The Agropyron/Poa association is most 
easily described as differing chiefly by lacking the 
Artemisia union, the eeotone apparently being set 
by limitations on the ability of Artemisia to extend 
up the sloping loessal plateau into moister climates 
to the southeast. 

Artemisia tridentata is unique among nearly all its 
associations in that it flowers in autumn. It is wind 
pollinated, and the achenes which mature shortly 
after pollination are susceptible to wind dissemina- 
tion. The possibility therefore suggests itself that 
autumn rains by interfering with some critical step 
in this reproductive process prevent extension south- 
eastward beyond present limits of the plant. 

A special ecologic feature of this Artemisia— 
Agropyron ecotone is that the Artemisia union ex- 
tends farthest into the pure grassland belt on coarse 
alluvial soils. In this respect the relation of the 
lower to the upper vegetation belt is unique across 
the climatic transect under study, and one might an- 
ticipate correspondingly unique climatic relations of 
the ecotone. 


THE Artemisia—Pinus ECOTONE 

According to Daubenmire (1942), along much of 
its length the margin of the Artemisia belt abuts 
upon forest without intervening grassland belts. The 
lower limits of the forest are everywhere dominated 
by pure stands of Pinus ponderosa, even though the 
undergrowth differs strikingly so that several dis- 
tinctive associations can be recognized. All stations 
but Kooskia and Gibbs represent the Pinus forest as 
it abuts upon the Artemisia zone. 

Superimposed curves of the Artemisia and Pinus 
belts (Figs. 3 & 4) reveal only one absolute differ- 
ence: the forest always receives more precipitation 
during the coldest month. In general, the forest is 
cooler in summer, and wetter in other seasons, in 
comparison with the semidesert. 

Many climatic statistics may be used to define the 
Artemisia-Pinus ecotone. Mean annual precipita- 
tion is never more than 363 mm in the Artemisia 
zone, and never less than 408 mm in the Pinus forest. 
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Fig. 3. 
Pinus curves superimposed. 
Fig. 4. 


Pinus curves superimposed. 


Monthly values segregate completely in September, 


December, January and February. 

In Thornthwaite’s 1931 classification his humidity 
province C is defined by a range of P-E values (sums 
of 12 monthly velues) from 32 to 63. Since the 
Artemisia-Pinus ecotone may be defined by any value 
falling between 43.7 and 47.6 (inclusive), the two 
wettest semidesert stations as well as the two driest 
pine stations, and these only, fall into the C province. 
Thus the method is basically capable of application 
if the class limits are changed. But at various eco- 
tones over the land surface where drouth is critical, 
is it not likely that many different points on the 
scale of P-E sums might need to be employed in de- 
scribing many different ecotones? 

Precisely the same difficulty is encountered with 
Thornthwaite’s 1948 classification: only values fall- 
ing between —9.2 to —13.0 (inclusive) can be used 
to separate semidesert from forest, whereas one 
moisture zone (C,) embraces all stations with values 
of 0 to —20. 

When comparisons are made on a monthly basis, 
values of P/T-10 distinguish Artemisia from Pinus 
areas for September and October, values of P-E 
segregate during January, March, and September, 
and values of M-I segregate during September, Octo- 
ber, December, January, February and March. The 
indication here is that cool season values are more 
critical, but none of the methods seems to yield statis- 
ties more contrasted than precipitation alone. 

When monthly temperatures are compared, winter 
Values are not significantly different between Arte- 
misia and Pinus stations, and since the rains are con- 








°c 


IN 


TEMPERATURE 














50 
PRECIPITATION IN MM 


Details of warming curves of Artemisia stations, with area of corresponding 


Details of cooling curves of Artemisia stations, with area of corresponding 


centrated in winter, this explains why P adjusted by 
T values are of no greater value than P alone in de- 
scribing the climatic relations of this ecotone. 


THE Agropyron—Festuca ECOTONE 
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Fig. 5. Details of warming curves of Agropyron sta- 

tions, with area of corresponding Festuca curves super- 
imposed. 

Fig. 6. Details of cooling curves of Agropyron sta- 

tions, with area of corresponding Festuca curves super- 
imposed. 


Superposition of the warming and cooling curves 
of the Agropyron and Festuca stations (Figs. 5 & 6) 
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reveals that the two families of curves show no 
tendency to segregate either in spring or autumn, 
but differ sharply during the hottest and coldest 
months: (1) the Agropyron stations always have two 
months warmer than the warmest month among the 
Festuca stations. (2) The coldest winter month in 
the Agropyron belt is never as cold as the correspond- 
ing month in the Festuca zone. Thus the total tem- 
perature range in the Festuca-belt is shifted lower 
on the temperature scale. The coldest month in the 
Agropyron belt is, therefore, warmer than the cold- 
est month in the vegetation belts that lie both above 
and below it on the gently sloping plateau! Possibly 
this situation results from the settling of cold air 
from the Cascades into the basin occupied by Arte- 
misia that lie adjacent to the leeward flank of these 
mountains. 

The difference in extreme summer temperatures is 
easily stated as: The two warmest months in the 
Agropyron belt are always warmer than 20.2°C, 
which is the warmest month of any station in the 
Festuca belt. The difference in extreme winter tem- 
peratures is easily expressed as: The coldest winter 
month in the Agropyron belt is never lower than 
—1.3°C, whereas in the Festuca zone it is never 
higher than —1.9. 

Since the families of curves do not segregate, but 
one is shifted higher on the temperature scale, it 
might be expected that precipitation efficiency dif- 
fers. The common observation that most herbs aesti- 
vate earlier in the Agropyron in comparison with 
the Festuca belt is further indication of a shorter 
season when the water-balance is inadequate. Hence 
some attempts were made to test various measures of 
difference in the intensity of drough during the sum- 
mer months. 

The P/T values of Lang (1915) segregate for the 
months of March-April-May, July-August, and Oc- 
tober-November. The sums of nine monthly values, 
March through November, is 33.35 or less among the 
Agropyron stations, and 50.27, or more among the 
Festuca stations. 

The P-E values of Thornthwaite (1931) segregate 
for the months of July and October, and for the 
sequence of four months including these, the sums of 
the values are 5.2 or lower in the Agropyron belt 
and 6.0 or above in the Festuca belt. 

Thornthwaite’s M-I values (1948) segregate in 
May, July, August and October, the sums of the 
values for July plus August being —28.6 to —24.0 
in the Agropyron belt, and —22.5 to —19.6 in the 
Festuca belt. Thus all three of the above criteria 
permit a quantitative expression of difference in en- 
vironmental water-balance during the warm season, 
with Lang’s method providing differentiation over 
the longest part of the dry season. 

Among other possible criteria of degrees of dryness 
the following did not separate the two groups of 
stations: mean annual precipitation, sums of median 
monthly precipitation for June through September, 
P x (rainy days/10), and number of days when 
the P/T ratio fell below 4. 
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From the standpoint of etiologic plant geography, 
the climatic differences between the Agropyron and 
Festuca belts are probably more significant when 
expressed in terms of summer drouth (especially by 
means of P/T-10) rather than in terms of less es. 
treme midsummer and midwinter temperatures, 
Strong evidence in support of this view is offered 
by the fact that the Agropyron/Poa association 
which occupies the major part of the Agropyron/ 
Poa belt, extends completely across the Festuca/ 
Symphoricarpos belt as well, but in the latter it is 
limited to small scattered areas of thin stony soil that 
are so exposed to sun and wind that they desiccate 
early. Thus the microenvironments in the higher zone 
are drier than normal, for the region as a whole, but 
probably not hotter or colder than comparable ex- 
posures of heavy soil occupied by the Festuca /Sym- 
phoricarpos association. If midsummer or midwinter 
temperatures were critical, the Agropyron/Poa as- 
sociation could scarcely be so well developed on these 
special habitats. This point may have some special 
significance for the distribution of Chrysothamnus 
nauseosus which is a regular, though minor, constit- 
uent of the Agropyron/Poa association in the hot 
and dry belt where the latter is the climatic climax, 
but is completely absent from all stands of the same 
association where it plays the role of topo-edaphiec 
climax in the cooler and wetter belt. 


THE Festuca—Pinus ECOTONE 

Superposition of warming and cooling curves rep- 
resenting the Festuca and Pinus belts (Figs. 7 & 8) 
fails to reveal divergence at any point. The com- 
parison is, however, unsatisfactory for the fact that 
only one station (Kooskia) representing the pine 
forest is situated near that part of the forest edge 
which abuts upon the Festuca/Symphoricarpos zone. 
In addition, Kooskia (and the same is true of all 
other Pinus stations) is in a valley floored with al- 
luvium, whereas the Festuca stations are all on the 
loessal plateau above. The comparison is thus jeop- 
ardized by an important soil difference. The use 
of stations representing the Pinus belt along the 
western edge of the Artemisia belt seems valid for 
comparing those two vegetation areas, but to use the 
same Pinus stands for comparison with the Festuca 
belt on the east edge of the plateau is of questionable 
validity, although this had to be done to get enough 
Pinus stations. It is an unfortunate circumstance 
that there are no weather stations located in that 
broad sector of the pine zone southeast of Spokane 
where the grassland-forest ecotone lies on compara- 
ble loessal soils. 

If the tenuous comparison between the Festuca sta- 
tions and Kooskia is made, the sole difference in 
climates indicated is that the summer temperature in 
the forest station is higher. In terms of P/T, P-E, 
and M-I, only the last give a separation, with the 
July and August values indicating greater drouth in 
Kooskia than at any of the Festuca stations. How- 
ever, any conclusion that a climatically determined 
pine belt represents a drier climate than the grassland 
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Fic. 7. Details of warming curves of Festuca stations, with area of corresponding 
Pinus curves superimposed. 
Fig. 8. Details of cooling curves of Festuca stations, with area of corresponding 


Pinus eurves superimposed. 


is at odds with these facts: (1) There is no reason to 
suspect a local reversal of the extensive gradient in 
climate from hot and dry to cool and wet that most 
certainly characterizes the regional vegetation pat- 
tern. (2) The last outposts of Pinus ponderosa 
forests along the ecotone with Festuca grassland are 
invariably situated on north-facing slopes, or other 
exposures equally protected from sun and _ wind, 
which suggests that Pinus-dominated vegetation re- 
quires more rather than less moisture than char- 
acterizes the Festuca belt. Thus there are insuf- 
ficient climatic data to warrant conclusions concern- 
ing this ecotone, and the very limited data available 
are not to be considered indicative on several grounds. 


THE Pinus—Pseudotsuga ECOTONE 
Neither warming nor cooling curves segregate at 
any point when the Pinus and Pseudotsuga data are 
superimposed (Figs. 9 & 10). Mean annual pre- 
cipitation values for the two forest belts overlap 
considerably. Values of P/T do not segregate for 
any one month, nor do the 4-month sums including 
June and September. The same tests are negative 
for Thornthwaite’s P-E and M-I values. Criteria 
found useful in the ecotone next to be discussed 
failed here: sums of P/T for May through October, 
July through October, and for October alone. In 
fact, none of the climatic criteria found useful at 
other ecotones had any value here. 
Upon entering the forest from the treeless basal 
plain one always traverses a belt of timber con- 





taining but one tree, Pinus ponderosa, before en- 
countering stands of Pseudotsuga, which is always 
the second tree encountered unless fire has eliminated 
the Pseudotsuga, as indicated by other residual 
species. The broad zonal pattern as well as local 
relationships on different slopes of the same valley 
or ridge show clearly the less xerophytic character 
of Pseudotsuga habitat types. These inferences 
based on interpretations of distribution are complete- 
ly substantiated by soil moisture studies which have 
been published in part (MeMinn 1952). Possibly 
failure to uncover climatic statistics which reflect this 
difference in forest composition and in moisture re- 
lations may have resulted from (1) faulty classifica- 
tion of some of the “Pinus” stations which may pos- 
sibly have been purged of Pseudotsuga by fire with- 
out this fact having been evident, from (2) failure to 
have eliminated all stations where edaphic and micro- 
climatic factors compensated for macroclimatie con- 
ditions, which is an extremely difficult problem in the 
foothills region, from (3) a moisture difference too 
subtle to be detected by the approximate measure- 
ments of climatic variables and botanically inap- 
propriate methods of treating the data, or (4) from 
a use of Pseudotsuga stations along the eastern edge 
of the plateau in comparison with Pinus stations on 
both sides. 


Tue Pseudotsuga—Thuja-Tsuga ECOTONE 
Superimposed curves representing the Pseudotsuga 
and Thuja-Tsuga stations (Figs. 11, 12, 13, 14) do 
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Fig. 9. 

Pseudotsuga curves superimposed. 

Fig. 10. 

Pseudotsuga eurves superimposed. 
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Fig. 11. 
ing Thuja-Tsuga curves. superimposed. 
Fig. 12. 
ing Thuja-Tsuga curves superimposed. 


not diverge completely at any one place, but there 
is a suggestion of greater precipitation of the Thuja- 
Tsuga group. 

On the basis of mean annual precipitation the two 
forests are not climatically different, but the sums of 
median values for the four months June through 
September is 69 to 99 mm for the Pseudotsuga 
forest and 103 to 189 for the Thuja-Tsuga. 

P/T separates the two belts for October (Pseudo- 
tsuga 3.76 to 5.67. Thuja-Tsuga 6.02 to 15.81), 
and for July through October (Pseudotsuga 7.66 to 
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Details of warming curves of Pinus stations, with area of corresponding 


Details of cooling curves of Pinus stations, with area of corresponding 
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Details of warning curves of Pseudotsuga stations, with area of correspond- 


Details of cooling curves of Pseudotsuga stations, with area of correspond- 


9.84, Thuja-Tsuga 10.35 to 26.25). Median precipi 
tation alone is not distinctive for these periods. 

P-E likewise separates the forests for October 
(Pseudotsuga 2.2 to 3.9, Thuja-Tsuga 4.1 to 9.7) 
and for July through October (Pseudotsuga 5.6 to 
7.4, Thuja-Tsuga 8.2 to 18.7). 

M-I allows differentiation for the same periods: 
October (Pseudotsuga +5.5 to +1.1, Thuja-Tsuga 
+0.7 to —0.7) and July through October (Pseudot- 
suga —25.6 to —23.5, Thuja-Tsuga —22.9 to 


—9.6). 
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Fig. 13. Details of warming curves of Thuja-Tsuga stations. 


Fig. 14. 
All of the above criteria are about equally useful 
in expressing the difference in summer dryness which 
is correlated with the Pseudotsuga-Thuja-Tsuga eco- 
tone. The failure of Thornthwaite’s climatic classi- 
fications to divide the two may be explained in that 
summer and winter values are all summed whereas 
only summer conditions are critical, and in annual 
sums the latter are obscured by the variable and 
excessive precipitation during winter months. 
Several independent sources of information cor- 
roborate the above statistical indication that drouth 
is the key factor determining the position of this 
ecotone: soil moisture analyses throughout the sum- 
mer, interpretation of topographic relations of the 
stands, the floristic evidence provided by a rich flora 
of mesophytic herbs and shrubs which dwindles rapid- 
ly upon approaching the dry edge of the Thuja-Tsuga 
belt, and the suecess of the more mesophytie flora 
at low altitude if given irrigation the first season. 


THE Thuja-Tsuga—Picea-Abies ECOTONE 

Within the area under study, agriculture and 
permanent settlement reach their extreme position 
in the vegetational pattern in the Thuja-Tsuga belt, 
so that nearly all the weather records for the next 
higher belt are those obtained by U. S. Forest Service 
lookouts or ranger stations which are oceupied for 
only a short period each summer. Climatic compari- 
sons must therefore be very limited. 

There is no difference in the monthly precipitation 
ranges in summer (Table 2), nor in P/T, nor in 
P-E values for these months. However, mean month- 
ly temperatures are distinctive except for the records 
at Cold Springs Lookout, and these values, involv- 
ing but parts of two seasons, are so far above cor- 
responding values for even the warmer forest belt be- 
low that they may be suspected as representing faulty 
technique in measurement. 

That some aspect of temperature is really critical 
m defining this ecotone is suggested by the observa- 
tion, to be reported in detail later, that the Picea- 
Abies belt extends to surprisingly low elevations in 





Details of cooling curves of Thuja-Tsuga stations. 


frost pockets. Not only do the records of rainfall, 
P/T and P-E for the driest month suggest that mois- 
ture is not critical, but direct determinations of soil 
moisture which have not yet been reported in detail 
show that this critical aspect of environment is equal- 
ly favorable on both sides of the ecotone. Thus the 
vegetation boundary under consideration appears to 
be the only one in the entire series that is far enough 
up the gradient of increasing P that moisture is not 
directly critical, and is the only one at which summer 
heat deficiency is clearly indicated. 
CONCLUSIONS 
In the second section of this work seven ecotones 
were studied individually. Four of them (Artemisia 
—Agropyron, Artemisia—Pinus, Agropyron—Festu- 
ca, and Pseudotsuga—Thuja-Tsuga) can be defined 
by climatic statistics reflecting drouthiness, yet no 
one criterion of drouth can be used to deseribe all of 
them. For one of the remaining ecotones (Festuca- 
Pinus) there are essentially no relevant climatic data 
available to search for evidence that the ecotone is 
primarily determined by climate. For another 
(Pinus—Pseudotsuga) the reason for failure may 
well be related to the fact that it falls in the foothills 
where rough topography and rapid climatic transi- 
tion make it difficult to distinguish between vegeta- 
tion that reflects macroclimate from that which does 
not. In this connection it is important to recall that 
soil moisture data show regular differences in the 
water relations at both the Festuca—Pinus and Pinus 
—Pseudotsuga ecotones, so that differences in dry- 
ness exist here even though they have not found ex- 
pression in standard climatic data. The seventh 
ecotone (Thuja-Tsuga—Picea-Abies) seems unrelated 
to moisture, but instead distinct differences in sum- 
mer temperature have been demonstrated. Thus in 
summary it appears that the highest ecotone studies 
indicated critical heat deficiency, whereas vegetational 
belts at lower altitudes reflect critical points on a 
seale of drouth that increases gradually on descend- 
ing from the mountains. 
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TABLE 2. Summer climates at stations representing two vegetation belts. Stations not personally inspected are 


indicated with asterisks, the assignment as to vegetation belt here being tentatively based upon the observation 
that Thuja-Tsuga forest is confined to elevations below approximately 4800 ft in northern Idaho. Data for Roo- 
sevelt L.O. are from Larsen (1930), those for Burke, Mullan Pass and all Thuja-Tsuga stations are from Weather 
Bureau publications, and the remainder have been furnished through the courtesy of Mr. J. S. Barrows of the U, 
S. Forest Service. Figures in parentheses refer to length of record when less than 10 years. 
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ae | 4093 | 51.6 59.8 | 58.3 | 2.8 | 1.6 1.0 
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NS ae | 2125 | 58.8 64.4 63.3 2.3 | 0.9 12 
eS 1600 | 63.6 70.6 70.3 2.5 | 0.7 0.7 
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eS ee a 2100 | 59.3 65.5 63.7 1.9 | ee 0.9 
TS ere eer | 2770 | 59.3 66.6 64.9 2.4 | O24 1.0 





Previous mention was made of the fact that Liv- 
ingston & Shreve (1921) predicated their voluminous 
climatic complications on the assumption that vege- 
tation distribution is determined by conditions pre- 
vailing during the average frost-free season. The 
fallacy of this concept is shown clearly by the fact 
that consistent differences in the climates of con- 
tiguous vegetation zones in eastern Washington and 
northern Idaho usually involved at least part of the 
season when frost may be expected. 


DISCUSSION 

The first major finding in this study was that none 
of the four universal classifications of climate that 
were tested has much phytogeographie significance in 
the area under consideration. 

Classifications such as those of Swain (or Stefan- 
off 1930, or Gorezynski 1942, or Holdridge 1947) are 
entirely arbitrary and cannot be expected to be of 
much botanical significance, although they may prove 
to be of use for other purposes. 

K6ppen’s classification was clearly fashioned in an 
effort to emphasize botanically significant points on 
otherwise continuous scales of variation in climatic 
elements. Although this objective has much merit, 
his method was purely a mechanical sorting of values 
which produced isoclimatic lines in closest agreement 
with vegetation ecotones, and was therefore not 
founded upon autecologic concepts. Although broad 
relationships have been claimed between major vege- 
tation categories and K6ppen’s climatic divisions, 
such could not be found in eastern Washington and 


northern Idaho even though a wide variety of vege- 
tation from semidesert to taiga is involved. 

Neither were Thornthwaite’s two classifications ap- 
plicable to the study area, even though he had made 
an attempt to take full advantage of some of the 
latest concepts of plant-environment relationships. 
Three weaknesses of these systems, and the same 
apply to Képpen’s, may be pointed out. 

First, any method of using daily averages of maxi- 
mal and minimal temperatures in evaluating tem- 
perature efficiency in metabolism is probably un- 
sound. As pointed out in the literature review, the 
minimum is less important than the maximum in 
cold regions at least, and recent discoveries of ther- 
moperiodism in plants adds further confirmation to 
the long-standing belief of certain botanists (see 
also Balchin & Pye 1950) that the daily extremes of 
temperature should not be completely submerged as 
a first step in the summary of climatic data. This of 
course is no argument against using average daily 
temperatures in computing evaporation stress, as 
Thornthwaite has done. It is remarkable that cli- 
matologists in the U. S. A. have steadfastly clung to 
the idea that mean daily and mean annual tempera- 
tures have much botanical significance. This notion, 
has been repeatedly jeopardized by research, yet in 
“Climate and Man” (1941) we read on page 690: 
“The mean daily temperature. is the basic climatic 
unit.” Such a viewpoint might be legitimate if ex 
pressed by an organization not interested in climate 
as it relates to plant growth. 

A second criticism of the universal classifications 
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is that even the most impeccable summaries of month- 
ly climatic record are vitiated when these monthly 
values are grouped. The results of this study also 
completely confirm the belief of many botanists that 
even small variations in the monthly march of tem- 
perature or precipitation may sharply differentiate 
the biotic potential of two nearby areas. Polynomial 
symbols for expressing climatic patterns represent 
a desirable attempt to briefly characterize climates, 
in that separate climatic attributes are expressed in- 
dependently. But it is doubtful if such a simple ap- 
proach will ever prove satisfactory because so much 
of the character of each climatic attribute has been 
sacrificed for the sake of brevity of expression. Noth- 
ing short of a method showing simultaneous month-to- 
month trends in moisture and heat relations can be 
expected to prove adequate. 

A third weakness of all classifications thus pro- 
posed is that a continuous series of values has been 
divided into a few groups. From the present investi- 
gation it is clear that the use of rigid limits to the 
groups seriously impairs the utility of the classifica- 
tion insofar as eastern Washington and northern 
Idaho are concerned. The point on a given scale of 
variation which is critical for one vegetation boundary 
may not be critical elsewhere. In the present study 
summer drouth seems to be the most critical climatic 
factor differentiating vegetation, except high in the 
mountains, yet no one method of expressing drouth 
has proven capable of defining the series of vegetal 
discontinuities. Each climatically determined eco- 
tone, and there are thousands for the phytogeog- 
rapher to consider, is a problem in itself so that 
the same class limits on a seale of drouth, as de- 
termined by one criterion, cannot be used throughout 
the world, no matter how much attention is given to 
the selection of a suitable criterion and to the seg- 
mentation of the scale of values it provides. Attrac- 
tive as the idea of a universal classification is, the 
writer is inclined to agree with Faegri (1937) who 
remarks: “while it is comparatively easy to find a 
set of values which is valid within one climatically 
homogeneous region, it seems impossible to find any 
climatical: value that can be employed generally, 
simply because the number of limiting factors is 
too great; they cannot be included in one single value 
or formula.” Hanson (1949) also believes that none 
of the existing methods of expressing climate is 
“adequate for showing the suitability of a specific 
locality for a particular kind of plant that is not 
grown in that locality at the present time.” There- 
fore it seems highly doubtful if we are as yet in a 
position to enclose areas defined by isoclimatie lines 
and refer to them as “life zones” or as “plant forma- 
tions” as has been advocated by Merriam (1898) or 
Holdridge (1947), respectively. Muller (1939) too 
has placed undeserved faith in Képpen’s classification 
by mapping climatic types from vegetation distribu- 
tion assuming that a vegetation type indicates a cli- 
mate that extends essentially uniformly to the eco- 
tones where it gives way to another climatic type. 
Certainly one might question the optimism of Schnei- 
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der (1927) who concluded that the Argentine pampa 
is artificial because it falls in the humid group of 
climates, according to K6oppen’s criterion! 

It is appropriate, in this discussion of pitfalls in 
manipulation, to point out the shortcomings in the 
basic data. One of these is that precipitation data 
are not collected in a manner that should be accept- 
able in science. Many investigators have shown that 
unless rain gages are equipped with shields, such as 
the Alter or Nipher types, they do not accurately 
measure precipitation accompanied by a breeze, and 
a serious error is involved if precipitation is ac- 
companied by strong wind, which is often the case 
(among others see Abbe 1893; Koschmeider 1934; 
Alter 1937; Riesbol 1938; Hoeck & Thams 1951; 
Helmers 1952). In addition, where the topography 
is not flat, the gage and shield should both be tilted 
until the orifices are parallel with the land surface 
(Hamilton 1944; Helmers 1952). It is a remarkable 
fact that precipitation records are presented in 
1/100 in. whereas the error induced by inadequate 
sampling may be several thousand times as great 
(see Helmers 1952)! After a careful summary of 
the literature Middleton (1941) has coneluded.: “The 
precipitation measurements of most countries are 
greatly at fault in regard to the shielding of gages. 
Let us hope that, in time, it will be realized that an 
accurate knowledge of the amount of rain or snow 
which falls on a country is as important as many 
other statistical activities of government.” 

Secondly, evaporative stress is so important an 
environmental factor that all climatologists are forced 
to evaluate its severity, yet adequate means for doing 
this are non-existent. For half a century plant ecol- 
ogists have urged in vain the collection of evapora- 
tion records at all weather stations. It is certain that 
had an earlier attempt been made to satisfy this de- 
mand it would have been a fiasco for lack of under- 
standing of the problems involved. Cheap instru- 
ments have been devised lately that minimize these 
inherent difficulties and provide comparative rocords 
that are highly useful in many biologic connections 
(Wright 1932). 

Thus the probable causes of failure in application 
of universal climatic classifications to define homo- 
geneous vegetation units are multiple,—excessive con- 
densation of information, inflexibility in the face of 
wide ecologic variation, data that are seriously in- 
aceurate or incomplete, and methods of summarizing 
the basic data that are objectionable. In the last con- 
nection the use of the mean, rather than the mode, 
for precipitation normals must be added to the un- 
desirable practice of emphasizing mean daily tem- 
peratures instead of summarizing the maxima and 
minima separately. 

It is often difficult to appraise the profundity of 
subjective classifications such as those made by pedol- 
ogists and synecologists, and the literature records 
many disagreements in both groups. Since both are 





striving for natural classifications and both recognize 
climate as a master factor, it is apparent that there 
should eventually be harmony among vegetation, soil 
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and climatic classifications. Naturalness for any one 
classification can scarcely be claimed until this is true. 

Since the existence of landscape units characterized 
at once by vegetation and by climatic characteristics 
is indicated above for the region under study, and 
since previous work (Daubenmire 1942; Spilsbury 
& Tisdale 1944) has shown correlation between vege- 
tation and soils, in this region, ecologists, pedologists 
and climatologists may be approaching a happy situ- 
ation in which the same landscape divisions will be 
recognized by all. Up to the present the main evi- 
dence of correlation that has been provided in North 
America has consisted of crude maps that show cor- 
relation on a continental scale. This investigation 
demonstrates that the interrelationships among these 
three phases of geography can become much closer 
than they are at present, although there will un- 
doubtedly be a limit to the fineness to which such a 
common classification can be pursued. 

-Climatie classifications have almost invariably 
depended upon arithmetic means to define normal 
conditions, and in the present investigation means 
were used for temperature although medians were 
considered superior for precipitation. There exist, 
however, a small group of botanists who believe that 
extremes should be given great weight in considering 
the impact of climate on natural vegetation.® Thus 
Mason (1936) wrote: “Plant distribution is primari- 
ly controlled by the distribution of climatic factors 
and in any given region the extremes of these factors 
may be more significant than the means.” 

Mason bases his contention in part on the report 
by MacGintie (1933) that, at the northern edge of 
its range, Sequoia sempervirens was once observed 
to be seriously damaged by frost. But he fails to 
explain just how temporary damage sustained by 
established individuals can prevent range extension. 
If seedlings can become established between frosty 
years, and the plants subsequently are not so severely 
injured as to prevent reproduction (as MacGintie in- 
dicates) the case is far from strong enough to pro- 
vide basis for a general contention that extremes may 
be more important than norms. Subsequent reports 
have appeared describing similar frost damage at the 
northern edge of the ranges of Larrea tridentata 
(Cottam 1937; Fosberg 1938), and Acacia farnesiana 
(Gunter 1950), but these likewise lack profound 
phytogeographie significance because the plants in 
both cases quickly regenerated by sprouting and the 
type of injury is not common. Mason’s sole addi- 
tional source of evidence supporting the hypothesis 
that extremes are critical is the citation of a paper by 
Taylor ( 1934), which contains even less specific in- 
formation than is reviewed immediately above. 

Richards’ (1950) contention that spring frosts, 
autumn frosts, and winter minima are critical was 
based on observations of injury to exotics planted in 
England. This evidence may be questioned because 
the plants sustaining injury were exotics growing far 


*It should be clear, however, that climatic extremes are 
crucial for agriculture. One or two extremes can bring about 
crop failure that is disastrous. 
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beyond their natural ecotones. Furthermore, in west 
central North America the same phenomen on de- 
scribed by Richards may be observed, and here it is 
clear that the lethal temperatures are well above the 
minima which the species regularly tolerate within 
their natural ranges! One might suspect that pre- 
conditioning by another factor is highly important; 
possibly inadequate heat prevents the completion of 
physiologic processes that are necessary to develop 
hardiness in the cold season, in which ease the 
low normal temperature of summer is a factor at 
least equally important as the cold season minima. 

Another attempt to substantiate the hypothesis of 
extremes is represented by the work of Detling 
(1948) who compiled climatic maps, then claimed 
that the areas of extreme conditions thereby located 
correspond with centers of endemism in west central 
North America. As a counter argument, it might be 
pointed out that the most important refugium within 
the area of the present phytoclimatic study can he 
used to support a reverse hypothesis. In the region 
centered about the juncture of the Lochsa and Selway 
Rivers in northern Idaho are the endemics Cardamine 
constancii, Carex hendersont, Dasynotus daubenmirei, 
and Syntheria platycarpa, and here are the only 
known inland stations for Cornus nuttallii and Mer- 
tensia bella. These plants are the remnants of Mio- 
cene populations that have become extinct elsewhere 
in the Rocky Mountain region. The environment is 
significant for the fact that the plants grow on 
intermediate mountain slopes high enough to escape 
severe drouth and low enough to minimize the effects 
of inadequate heat supply. Also the area is just far 
enough south to have been well protected from the 
periglacial climate of Pleistocene time, yet still with- 
in the narrow latitudinal belt where continental cli- 
mate is definitely ameliorated by strong winds that 
carry oceanic influence far inland. The refugium 
may consequently be interpreted as representing en- 
demism related to protection from climatic extremes 
(Detling’s climatic maps indicate absence of extremes 
here); therefore, the situation casts some doubt on 
the climatic significance of minor endemisms that ap- 
pear related to extremes. Detling’s method shows 
that extremes of summer and winter temperature and 
length of the frost-free season point to a center of 
extreme climate at the juncture of the Clearwater 
and Snake Rivers some 70 km west of the refugium 
deseribed, but at the center of extremity, “no strictly 
endemic species appears to be sufficiently prominent 
to serve as a marker for the area, although a number 
of endemic species occur locally.” This unique ap- 
proach to. phytoclimatology reflects Detling’s opinion 
that “vegetation areas” should be “based upon some 
concept of endemism.” Ecologic plant geography, 
with which the present paper is concerned, takes no 
account of endemism whatsoever in defining vegeta- 
tion areas. 

Russell (1932) has presented highly generalized 
maps of the arid western parts of the U. S. A. which 
he believes show that a “vegetation boundary is more 
closely related to the occurrence of an occasional ex- 
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treme drought than to the normal climatic bound- 
arv.... But can we justify this belief if we can- 
not observe vegetational responses to the occasional 
drouth? Russell did not provide maps which enable 
the reader to verify his assumption that isoclimatic 
lines based on extremes are more closely related to 
vegetation boundaries than those based on normal 
moisture conditions. There is an enormous disparity 
between vegetation and extreme aridity as he mapped 
it in eastern Washington. Bogusch (1951) likewise 
concludes that the frequency of abnormally low 
midwinter temperaures determines the northerly 
limits of Prosopis juliflora in Texas, simply because 
the range limits correspond fairly well with sug- 
gestive isoclimatic lines, yet no actual evidence of 
injury is cited. 

The points discussed above show that the argu- 
ment for weighting extremes as important compo- 
nents of phytoclimate rests upon insecure ground. 
The chief possible exceptions would seem to be (1) 
the borders of areas with frost-free climates where 
occasional frost might be the chief force (Hepting 
et al. 1951) preventing the extension of a community, 
or (2) in very dry or very cold regions where the 
maintenance of a population may be dependent upon 
reproduction made possible by an occasional year 
with above-average moisture or heat, respectively. 
There is some evidence that these limiting conditions 
ar real for single species, but a clear bit of evidence 
for their contro] over community distribution has not 
yet been presented. The conclusions of Manley 
(1951) and Hustich (1948) seem more in accord 
with known facts,—that vegetation established during 
favorable periods often endures extremes that occur 
at occasional intervals. 

Two important limitations of this study remain to 
be pointed out. First, the correlations between cli- 
mate and vegetation that have been discovered ecan- 
not be considered causal, but they strongly suggest 
the nature of critical experimentation that is needed 
to provide definitive answers for etiologic plant geog- 
raphy. That the suggestions are reliable is indi- 
cated by the close harmony between the findings and 
such experimental work as has been done. 

Secondly, the specific results reported are not 
known.to be valid outside the region studied. There- 
fore, if there is indication that a universal scheme of 
climatic classification which is in close accord with 
vegetation may be a hopeless aspiration, only addi- 
tional detailed studies of other vegetation mosaies will 
permit a final decision on this important matter. 


SUMMARY 

The natural vegetation of eastern Washington and 
northern Idaho ranges from hot semidesert with less 
than 16 em of precipitation to cold mesophytic forest 
with more than 110 em. After an intensive study of 
vegetation mosaics in this region, established weather 
stations were selected to represent each of the major 
types of vegetation that were judged to reflect eli- 
matic influence most directly. Climatie data ac- 


cumulated at these stations were used to determine 
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if certain schemes for the quantitative classification 
of climate can be used to distinguish areas having 
approximately equal potentialities for vegetational 
development. The climatic classifications of Képpen, 
Thornthwaite (1931, 1948), and Swain proved to 
have no value in this connection; the same climatic 
symbol is usually encountered in several different 
vegetation belts, and there is no significant tendency 
for the stations in one belt to be represented by the 
same symbol. Even the distinction between grass- 
land and forest climates cannot be defined consistently 
by these techniques. 

Attention was next directed to the possibility of 
discovering if other criteria exist which demonstrate 
the climatic distinctiveness of these phytogeographic 
units. A rather high degree of success was achieved 
largely through plotting mean monthly temperatures 
against median monthly precipitation. In the main, 
each vegetation type differs from its neighbors in 
the degree of summer drouth, except at the wet end 
of the climatic gradient where heat deficiency in sum- 
mer becomes decisive. All the positive results are 
in close accord with other ecologic data that are ac- 
cumulating, hence suggest that the results have funda- 
mental significance. 

Discussion concerns the inherent weaknesses of 
universal climatic classifications insofar as phytogeog- 
raphy is concerned, the inadequacies of the basic 
climatic data, the relative significance of means, 
media, and extreme values, and the increasing pos- 
sibility for the recognition of the same landscape 
units by climatologists, pedologists, and _ biologists. 
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INTRODUCTION 

The effects of vegetation on soil and the effects of 
soil on vegetation have been studied and observed for 
many years. Perhaps arid-desert range lands have 
been studied least and as a result are not well under- 
stood. 

As human populations increase there will be addi- 
tional need for agricultural production, and these 
lands may be put to higher use, perhaps even to 
irrigated crop production. Basie to management of 
these lands is an understanding of the vegetation they 
are now supporting, what they supported prior to 
their use by domestic livestock, and why the present 
vegetation grows to the exclusion of other vegetation 
types. 

These studies were conducted in western Utah, 
where the vegetation is largely dominated by shrubs 
having various degrees of tolerance to drought and 
soil salts. The area is referred to herein as salt- 
desert because soil salts as well as low precipitation 
restrict water intake by plants. This desert is typical 
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of the northern desert shrub vegetation dominated by 
Artemisia and Atriplex. Many woody shrub species 
occur in pure types from which other species are 
virtually excluded. The transition from one vegeta- 
tion type to another generally is abrupt. 

Grazing in the past 60 to 70 years is believed re- 
sponsible for considerable change in floristic cover on 
the salt-desert. Some perennial herbaceous species 
native to the Great Basin vegetation have decreased 
or perhaps even disappeared over extensive areas. 
Also, some species of shrubs have been reduced by 
grazing. Often, annual herbs have become established, 
especially in areas devoid of other plants. The result 
of these changes in floristic composition is a less de- 
sirable forage and consequently a decline in grazing 
capacity. 

Land classification on these ranges is an important 
function of the administering agencies. To appraise 
the present condition, normal condition or climax 
must be understood. The Bureau of Land Manage- 
ment, which controls most of this salt-desert land, 
must classify it as to whether it is potentially arable. 
Land use, grazing capacity, and management prac- 
tices should be based on correct classification of the 
lands. 
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Plant indicators have been used to a limited extent 
for classifying areas for cultivated erop production 
and for grazing. Essential to use of plant indicators 
with respect to soil is knowledge of whether the 
dominant species require some particular element or 
condition found in the soil or whether they are 
present merely because they can tolerate these con- 
ditions. 

This study was initiated to obtain information con- 
tributing to a better understanding of why certain 
desert plants grow where they do, and what role soil 
plays in their distribution. 


REVIEW OF LITERATURE 

Billings (1952) defined the environment of a plant 
as the sum of all external forces and substances af- 
fecting its growth, structure, and _ reproduction. 
Plant growth and distribution are limited when any 
factor in the environment falls below the minimum 
required for the plant or when any factor goes over 
the maximum tolerated by the plant. However, near 
the extremes of its distribution, one environmental 
factor may compensate for another and a plant will 
be found growing in habitats that do not seem to be 
normal. 

Mason (1936) pointed out that plant distribution 
is primarily controlled by the distribution of climatic 
factors and secondarily controlled by edaphic factors. 
In the life history of the organism there are times 
when it is in some critical phase of its development 
which results in a narrow tolerance range for a par- 
ticular factor in the environment. The narrower the 
range of tolerance, the more critical the factor be- 
comes. Mason also stated (1946) that any one factor 
or any combination of several factors may serve to 
restrict the range of a species. He concluded that 
the edaphic factor is most likely to oceur in sharply 
defined patterns often covering only small areas. 

Shantz (1938) reasoned that under natural con- 
ditions a plant cover has developed which is in 
physiological and ecological balance with the climatic 
conditions and substratum. He further noted that 
plant communities are often closely correlated with 
the developed soil and are quite independent of such 
factors as physical composition of the soil, while the 
smaller or minor communities often are directly af- 
fected by such factors. Other authors substantiate 
that chemical differences in the soil may produce a 
marked change in the vegetation within fairly uni- 
form climatic areas (Billings 1950). 

In studying the vegetation of the Great Basin, 
Billings (1951) found that large vegetation zones 
could be correlated with climate and soil. The mosaic 
of smaller vegetational differences within the zone 
may be caused by edaphic factors, topography, or 
successional stages of the vegetation itself. 

The possibility of toxic substances produced by 
certain plants inhibiting growth of others has been 
suggested. Parthenium argentatum has been shown 
to produce toxins which prevent or reduce germina- 


tion of its own seedlings beneath it (Bonner & 
Galston 1944). Encelia farinosa produces toxins 
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which severely retard growth of the tomato (Gray & 
Bonner 1948). Bonner (1950) concluded that as- 
sociation or non-association of different species is in 
some instances the result of specific chemical com- 
pounds secreted by one of them. Muller (1953), how- 
ever, concluded that these inhibiting toxins are in- 
effective in nature presumably because they are soon 
broken down by the micro-flora or absorbed by soil 
colloids and are not accumulated. 

To an extent, the plant species may adapt itself 
to environmental conditions by survival of the fittest 
and thus appear over a wide variety of habitats. The 
interbreeding population, through physiological selee- 
tion of individuals and the mechanism of gene ex- 
change, sets up a self-perpetuating dynamic system 
so that functioning individuals continually are being 
produced an old ones die. Out of the mass of seed, 
the environment permits survival of only those which 
are capable of carrying on all of their vital functions 
under prevailing conditions (Mason 1954). 

Desert plants are a product of years of environ- 
mental selection and hence may be used as indicators 
of environmental conditions. This phase of plant 
ecology has great practical significance in agriculture. 
Obviously the more widely adapted a species becomes 
the less its value as an indicator of specific factors. 

The plant indicator concept is of long standing. 
Sampson (1939) stated that the plant indicator con- 
cept is based on a cause and effect relation where 
the effect is taken as a sign of the cause. All plant 
species reflect their environment; yet only a few 
key species of a given locality are, as a rule, suf- 
ficiently restricted by growth conditions to be reliable 
indicators. 

Kearney et al. (1914) in Tooele Valley, Utah, 
noted three characteristics of the vegetation of the 
Great Basin: the great extent of the area occupied 
continuously by a single type of vegetation, the 
sharpness of the boundaries between the areas oc- 
cupied by each type, and the great predominance of 
one or a few species in each type. They found sage- 
brush (Artemisia tridentata) occurring ‘chiefly on 
benchlands and on coarse-textured soils with low 
salt content. Shadscale (Atriplex confertifolia) was 
found oceupying a wide belt through the center of 
the valley on soils with a high salt content below the 
depth of 1 or 2 ft. They found greasewood (Sarco- 
batus vermiculatus) growing in soil with a high 
moisture equivalent and a high salt content from the 
second foot down and often in the surface foot as 
well. 

Shantz & Piemeisel (1940) found conditions in the 
Escalante Valley, Utah, similar to those found in 
Tooele Valley by Kearney et al. Sagebrush was 
growing on moderately light-textured soils with a low 
Sagebrush growing on soils with more 


salt content. 
salt at the 3-4 ft level was stunted. 


than 0.5% 


Winterfat (Eurotia lanata) was growing on soils of 
fine texture with low salt content in the upper 2 ft 
but often with salts up to 1% at greater depths. 
Shadscale usually occupied land where salt content 
was low in the surface 2 ft but was as high as 2.5% 
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at the 3- and 4-ft depth. Greasewood occupied the 
lower, heavier-textured, more saline soils in the center 
of the valley. It was pointed out that while grease- 
wood was not an infallible indicator of high salt 
content, the salt content of the first foot usually 
ranged from 0.03 to 0.41%, the second foot 0.03 to 
0.6,% and the third 0.5 to 1.08%. Greasewood- 
shadseale mixtures were found growing in areas with 
soil conditions intermediate between those of pure 
types. 

Clements (1920) and Weaver & Clements (1938) 
stated that soils on which sagebrush was growing 
were free from large amounts of salts and, unless 
too shallow, were suited for agricultural purposes. 
According to their analysis, winterfat indicated soils 
non-saline in the first foot, with saline soils at greater 
depths. Shadseale also indicated soils non-saline in 
the first foot with saline soils further down. Grease- 
wood indicated a soil well drained in summer, moist 
below two feet, and saline throughout. 

Bindschadler (1948) in Wyoming found shadseale 
on heavy soils with the surface free of soluble salts 
but with the subsoil usually saline and alkali. Grease- 
wood was growing on deep soils, moist in the subsoil 
and substratum. Many greasewood soils contained a 
high total salt content and sufficient sodium to cause 
dispersion. 

Fautin (1946) in his study of the biotic ecommuni- 
ties of the northern desert shrub vegetation found 
shadseale widely distributed in the more xerie parts 
and in areas where the salt content in the soil was 
above the tolerance of sagebrush. He noted that 
greasewood usually grew on soils high in alkali and 
with a high water table. Alkali was not necessarily 
present in areas where greasewood grew but high 
soil moisture content was present. Winterfat was 
found to occupy permeable sandy soils where the salt 
content did not exceed 0.04 to 0.05% in the upper 
2 ft. 

Shantz (1938) found that sagebrush in the north- 
ern desert shrub region indicated a pervious soil 
moistened to a depth of several feet and free from 
salt. Shadseale dominated the more level and ma- 
ture soils of the desert with rainfall less than on 
sagebrush land. Under shadseale, the soils were of 
fine texture with harmful amounts of salt at a depth 
of one to two feet. Soils under winterfat varied 
considerably but were often of fine texture with salt 
at a depth of 1 to 2 ft. Greasewood indicated a 
soil well supplied with water and containing more 
that 0.5% of salt. 

Studies of the shadseale vegetation of Nevada have 
led Billings (1949) to believe that shadseale indicates 
aridity from either low rainfall or high soil salt eon- 
tent. Sagebrush replaces it under more favorable 
soil moisture conditions. Billings showed that shad- 
scale was not confined to soils high in salt and that 
the soils varied widely in texture. For the most part, 
shadseale soils were typical gray-desert soil, alka- 
line at all depths, and rocky. In contrast, sagebrush 
soils were darker, often brownish, and were often 
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neutral or even slightly acid in the upper layers while 
subsoils were alkaline. 

Stewart, Cottam & Hutchings (1940) in western 
Utah found shadseale on light-textured soils with salt 
content varying from 0.02 to 0.5% depending on 
depth of sampling. Winterfat also was growing on 
light-textured soils but with a salt content varying 
from 0.03 to 0.6%. In the same area, sagebrush was 
found to be growing on the lightest textured soils. 
The salt content varied from 0.02% at 6 in. to 0.1% 
at 42 in. 

Hilton (1941) studying seeds of winterfat showed 
that germination was completely prevented in sodium 
chloride solutions above 3% concentration. At 0.5 
to 1.0% salt, a higher germination was attained and 
more healthy seedlings resulted than in distilled water. 

Working primarily with sagebrush, shadscale, and 
greasewood in southwestern Utah, Roberts (1950) and 
Fireman & Hayward (1952) found a significant 
difference in pH, soluble salts, and exchangeable 
sodium in the surface soil collected directly beneath 
shadseale and greasewood compared to surface soil 
collected in the barren areas between the plants. No 
such differences were found for sagebrush. 


SPECIES STUDIED AND HABITAT 
DESCRIPTION 

Five shrub species abundant in the northern desert 
shrub vegetation and important as livestock forage 
were selected for study. These were sagebrush 
(Artemisia tridentata), shadscale (Atriplex conferti- 
folia), Nuttall saltbush (Atriplex nuttallii), winter- 
fat (Hurotia lanata), and greasewood (Sarcabatus 
vermiculatus). Each of the five has been thought to 
be associated with particular soil characteristics al- 
though they frequently are found in mixtures as well 
as in pure types where no apparent differences in 
soil or topography separate the types. The line of 
change from a pure type of one species to a pure 
demarkation between types sometimes is abrupt. A 
type of another may take place in a zone only 1 to 
3 ft wide (Fig. 1). The sharpness of these lines 
immediately suggests to the observer that the soil 
must change with equal abruptness. Occasionally, 
rather than forming these sharp ecotones the dif- 
ferent types are separated by broad transition zones. 
A pure stand may grade into a mixture with an 
adjacent species and then grade out to a pure stand 
of the other species. Each species studied was found 
growing in a pure stand and adjacent to pure stands 
of all others under study. These pure types occupied 
areas varying in size from a few acres to several 
hundred acres. 

The areas of each type selected for study were for 
the most part confined to three large valleys of 
western Utah. Curlew Valley is located in north- 
western Utah. It is a broad, flat valley extending 
from the north end of the Great Salt Lake into 
southern Idaho. Rush Valley is located in west 
central Utah. This wide valley extends from Stock- 
ton southward to Vernon, Utah. Escalante Valley 
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Fig. 1. An alterne of Nuttall saltbush (foreground) 
and shadseale in Curlew Valley, Utah. Additional al- 
ternes can be seen in the distance. 


is a large, flat valley in southwestern Utah which 
extends from Milford southward to Modena. 

Study areas were always pure types growing 
contiguous to another pure type. All of these areas 
were confined to the flat bottomlands or low terraces 
of broad valleys where no topographic change marked 
the ecotone between types. 

Geographically, all areas under study lie within 
the parts of the Great Basin which were formerly 
covered by glacial Lake Bonneville. Some of the 
areas nearer to the Great Salt Lake were undoubted- 
ly submerged by all four high-water stages of Lake 
Bonneville (White 1932). Thus, the soil-forming 
processes of these areas have functioned on existing 
surface material only in recent geologic times. Other 
areas which occupy higher topographic positions 
were probably submerged only by the earlier high- 
water stages. Thus, these areas have been subjected 
to soil forming processes for a considerably longer 
period of time. 

Soil characteristics vary greatly within the salt- 
desert. Parent materials for the soils studied were 
either of sedimentary origin or were alluvial outwash 
from adjacent mountain ranges. The soils vary in 


texture from heavy clays to sandy loams and sands. 
Extreme variations in the amount of alkalinity and 
salinity are common. 
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All of the vegetation types under study were grow- 
ing on immature desert soils which reflected plainly 
the parent material from which they were being 
formed. Thus, these are classed as azonal, 
Since they have developed only slightly, a true soil 
profile could not be recognized, but there was a con- 
siderable amount of layering. This layering was 
primarily geological and related to the deposition of 


soils 


the regolith. 

The elevation of the areas studied varied from ap- 
proximately 4,225 ft above sea level in Curlew Val- 
ley, near Kelton, Utah, to slightly over 5,000 ft in 
Escalante Valley near Lund, Utah. These extremes 
in elevation were separated by a north-south distance 
of approximately 350 mi. 

Despite the great distances between them there 
were relatively small variations in climate between 
areas. According to records of the U. S. Weather 
Bureau, precipitation varied from 7.04 in. at Kelton 
in Curlew Valley to 10.78 in. at Modena in Esealante 
Valley. Long-time average temperature varied from 
a January mean of 22.2° F at Kelton and St. John 
in Rush Valley to a January mean of 26.3° F at 
Modena, Utah. July averages varied from 69.9° F at 
St. John to 71.4° at Modena, Utah. About 60% of 
the precipitation falls as snow and 40% as rain. 
Thunderstorms during the summer months are com- 
mon. Surface runoff is excessive during periods of 
high intensity rainfall or rapid snow melt. 


METHODS AND PROCEDURES 


Som SAMPLING 

Soil samples were taken in the field during the 
summers of 1953 and 1954. The areas studied dur- 
ing 1953 were in northern and central Utah and 
southern Idaho. In order that critical studies of soil 
profile characteristics could be made, trenches 18 in. 
wide, 7.5 ft deep, and 15 to 25 ft long were excavated 
using a Shawnee Pull-Hoe digger mounted on a Ford 
tractor (Fig. 2). 

To ascertain whether soil characteristics near the 
periphery of an area occupied by a pure stand of a 
single species were similar to those in the center of 
the area, a profile was exposed near the edge and 
another in the center. The trench near the periphery 
was designated as A and the one in the center as B. 

In Curlew Valley, two profiles were exposed in 
areas occupied by pure stands of winterfat, shad- 
seale, Nuttall saltbush, and greasewood and in two 
areas occupied by sagebrush. Two profiles were in 
an area occupied by winterfat, located approximate- 
ly 5 mi. northwest of Strevell, Idaho. In Rush Val- 
ley, two profiles were exposed in areas occupied by 
sagebrush, shadscale, Nuttall saltbush, and grease- 
wood. 

To determine whether change in soil occurred con- 
comitantly with changes in vegetation type, trenches 
were also excavated across the ecotones between types. 
These trenches varied in length, depending somewhat 
on the abruptness of the ecotone (Fig. 3). All ex- 

















April, 1956 






, 
a 5 ik $ 
, Ys 


ti “4 
* sf € se > 
a.” 0 | ae ‘ean 
0 ™, » ie 
~ . . Spe) ‘ 
?’ * jae 
>" Ae . i» 
es £5 wa DD 


Fic. 2. Shawnee pull-hoe digger used to excavate 
trenches for soil profile study. A shadscale-sagebrush 
ecotone appears in the background. 


posed soil profiles were studied critically and each 
layer was examined in detail. 

While studying the profile characteristics, observa- 
tions were made as to the depth of root penetration 
for each species. It was determined that all five 
species studied regularly rooted to the bottom of 
these 7.5-ft trenches and it is assumed that condi- 
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Fi. 3. Trench across an ecotone in Curlew Valley, 
Utah, exposing soil profile with Nuttall saltbush on the 
right and shadseale on the left. 
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tions encountered anywhere within this depth might 
influence plant growth. 

Soil samples approximately two quarts in size 
were collected from each layer in each profile. These 
were collected in heavy paper bags and placed in 
storage at room temperature until analyzed. 

Soil sampling was continued during the summer of 
1954. Samples were collected from each type under 
study in each of the three previously described val- 
leys. However, instead of taking samples from the 
layers of an exposed profile as was done in 1953, 
they were taken from four predetermined depths, 
using a Jordan soil auger. Depths sampled were 0 
to 6 in., 6 to 18, 18 to 36, and 36 to 60 in. The change 
in sampling method made it possible to sample more 
areas with less expense. This method, however, did 
not permit complete examination of the profile, or 
collection of soil samples from each soil profile layer 
such as was possible during the previous summer. 

Similar to the sampling method of 1953, soil 
samples were collected to represent soil conditions 
near the periphery of the area (A samples) and 
near the center of the area (B samples). Soil sam- 
ples for each of the four soil depths were drawn from 
composite samples made up of soil from three borings. 
To make up the A samples, three borings were made 
near the periphery of an area and equidistant from it. 
The B samples were obtained in the same manner 
but were taken from the central portion of the area. 

During the two summers, soil samples were col- 
lected from ten areas occupied by each of the five 
species. The ten areas were widely seattered over 
the three valleys. 


FIELD INFILTRATION STUDIES 

To understand better the role that soil structure 
and texture play in distribution of vegetation, water 
infiltration studies were made in the field during the 
summer of 1953. Four infiltrometers were established 
in areas occupied by each of the five vegetation types 
in Curlew Valley. 

The infiltrometers consisted of 9.5-in. diameter 
open-ended steel pipes, approximately 2 ft long, 
driven into the ground 6 in. The pipes were complete- 
ly filled with water. The water level lowered in the 
infiltrometer as the water moved into the soil. The 
distance the water had lowered was measured and 
recorded at convenient intervals. The pipes were 
refilled following each reading. Each infiltrometer 
was operated for a period of approximately 60 hr. 
By dividing the number of inches the water level in 
the infiltrometer had dropped by the number of hours 
since the previous reading, the infiltration rate in 
inches per hour was obtained. 


DETERMINATION OF PERMEABILITY 


The entry of water into the soil and the rate of 
movement through the soil can have a profound ef- 
fect on plant growth. The soil in which plant roots 
are growing serves as a reservoir for storage of water 
for growth. The only water source for most desert 
plants is snow melt and spring rainfall. Soil texture 
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and structure greatly influence the rapidity with 
which water can enter the soil and to a great extent 
the amount of water which will be retained in the 
soil. 

To ascertain the rate at which water could pass 
through the soil at various depths, and to augment 
field infiltration studies, a laboratory permeability 
study was run on all soil samples. The permeability 
of the samples was determined by using an apparatus 
developed by the Bureau of Reclamation at Logan, 
Utah. Briefly, this machine consisted of a water sup- 
ply bottle with feeder lines running to each of 20 
two-inech-diameter brass cylinders containing the soil 
samples. The apparatus was arranged so that the 
depth of water standing in each of the cylinders was 
equal and constant. 

A three-inch cylinder was filled with uniformly 
compacted soil covered by a layer of glass wool to 
prevent the water from the feeder line from puddling 
and further compacting the soil core. The soil then 
was completely saturated by placing the cylinder in 
a pan of water. Upward movement of the water also 
displaced the soil air thereby preventing air from 
later moving into a feeder line of the apparatus and 
causing an air lock. After this preliminary soaking 
period, the samples were allowed to drain for 15 
minutes and then they were placed on the permeabili- 
ty apparatus. The depth of the water in the reservoir 
cylinders was regulated by the height of the stand- 
pipe in the water supply bottle to maintain a constant 
hydrostatic head on all samples at all times. 

The amount of percolate that accumulated was 
measured at the end of 1 hr to determine initial 
permeability rate of the soil core. For the remainder 
of the test period the amount of percolate was 
measured and recorded at convenient intervals. The 
samples were left on the machine for periods from 
36 hr to 10 days depending on the rate of permeabili- 
ty and the time required to reach a constant percola- 
tion rate. 

To calculate permeability rate from the data, a 
modification of Darcey’s formula for water move- 
ment through soil was used (U. 8S. Salinity Labora- 
tory 1954). Since hydraulic head and length of core 
were constant the following formula was used where 
Q equals milliliters of percolate collected and T 
equals time in hours. Permeability rate = 0.0138 


= 0/T. 


CHEMICAL AND PHYSICAL ANALYSES 

All soil samples collected during the summer of 
1953 and 1954 were subjected to a series of analyses 
for characteristics which it was thought might in- 
fluence or determine the presence of a particular plant 
species. The chemical analyses made on the samples 
were: pH of saturated extract, percentage of total 
soluble salt, saturation extract conductivity, base 
exchange capacity, amount of exchangeable sodium, 
exchangeable sodium percentage, lime content, amount 
of exchangeable potassium, and exchangeable potas- 
sium percentage. Analyses also were run to de- 


termine the parts per million of calcium, magnesium, 
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sodium, potassium, chloride, sulfate, carbonate, and 
bicarbonate. Soil moisture percentages under 14 and 
15 atmosphere pressure also were determined for all 
samples. 

Procedures used for these analyses are described 
by the U. S. Salinity Laboratory (1954). Methods 
used were as follows for electrical conductivity: 
method 4a; for soluble salts: method 5; for exchange- 
able cations: method 18; for cation-exchange capaci- 
ty: method 19; for exchangeable-cation %: method 
20a; for pH: methods 2la and 21b; for 14 atmos- 
phere %: method 30; and for 15 atmospheres %: 
method 31. Other procedures used were, for calcium 
and magnesium: method 7; for sodium: method 10a; 
for potassium: method lla; for carbonate and bi- 
carbonate: method 12; and for chloride: method 13, 
Sulfate was determined according to method 14a 
except the sample was centrifuged and the precipi- 
tate was caught on ashless filter paper washed free 
from soluble salts, then ignited, and weighed. Lime 
was determined by method 23¢ with the following 
modifications. One gram of soil was boiled for 5 
minutes with 0.5 normal H,SO,. The excess acid 
was then titrated and 50 ml of distilled water was 
added to the solution. Phenolphthalein was used as 
an indicator with a special titration light. 


COMPOSITION AND DENSITY OF VEGETATION 


To understand better the effect of soil upon com- 
position and density of vegetation, data on these 
factors were collected during the summer of 1954. 
Density and composition were determined by a modi- 
fication of the method suggested by Parker (1950). 
A 100-ft steel tape was stretched between uprights. 
A plumb was dropped from each foot-mark and ob- 
servations were made at each point of the plant 
species, erosion pavement, litter, and bare ground. 
Four such transects were run at random in each study 
area. From these data, species composition and basal 
density were caleulated. Notes concerning the ap- 
parent grazing pressure, vigor and height of the 
plants, topographic conditions, and contiguous vege- 
tation types were also taken. 


RESULTS AND DISCUSSION 

Soil analysis data were tested statistically for each 
soil character individually. All data reported are 
averages of samples collected from four depths and 
from two positions (A and B) within 10 areas oe- 
eupied by each of the 5 species under study. 

Each of the A and B samples was a random sample 
of the variation within its respective portion of the 
area. All B samples were collected in the central 
portion of the area, whereas, A samples were col- 
lected near the periphery of the area. Data from 
the two samples could not be pooled unless the two 
portions were shown to be drawn from a homogene- 
ous area. The Dixon & Massey (1951) test for 
homogeneity of variances was used to test whether 
each of the areas was homogeneous. If the variances 
indicated homogeneity, data were pooled and statisti- 
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id TABLE 1. Mean values for various soil characteristics obtained from four depths in ten different areas of each 
d of five vegetation types of the salt-desert ranges of Utah. 
Il ] ] 
| | Total soluble| Saturation Exchange- | Base exchange Exchange- 
Type and depth =| salts jextract conduc-| Exchangeable | able Na | capacity Exchangeable able K Lime per- | Permeability 
d | pH _ | percentage | tivity K x 103 | Na Me./100g.| percentage Me./100g. K Me./100g. | percentage centage in./hr. 
ls SAGEBRUSE | 
0-6 in... | 8.1 | 0.05 1.0 | 0.5 3 17:8 2.8 15 15 0.66 
OS Soe |} 8.2 | 0.13 | 2.8 | 1.6 9 | 17.8 3.1 18 19 0.44 
ING wa sic sas 389 8.3 | 0.41 | 8.3 1 eee 23 16.7 2.3 14 25 0.88 
eo eee 8.2 0.71 | 15.6 | 4.7 32 15.3 1.8 11 25 | 0.75 
s. Type mean.......... | 8.2 | 0.324 .22* 6.944.2 | 2.6£1.2 | 17 16.9 2.5 14 21 0.68 
d WINTERFAT | 
0-6 in... 8.2 | 0.04 | 0.9 | 0.4 2 16.7 2.6 16 19 | 0.80 
3 rae 8.3 | 0.19 4.6 | 1.8 12 16.5 2.4 16 22 | 0.57 
18-36 in. ioweel Bee | oe | 12.5 | 3.7 24 16.4 1.8 12 23 | 0.40 
ee 8.0 0.70 | 18.9 4.0 26 15.7 1.5 10 21 0.33 
n Type mean.......... | 8.2 | 0.36.14 | 9.2+3.4 2.54 0.7 16 16.3 2.1 13 22 | 0.52 
; SHADSCALE | | | | 
7 OOM scresccct Soe 1 O89 | 2.7 |. 4.0 6 17.0 4.1 24 18 0.31 
Z BONER... .o05400 8.3 | 0.37 | 8.1 | 3.8 20 19.0 3.0 17 21 0.48 
1$26in..............| 8.8 | 0.72 | 17.1 | 4.7 26 18.0 1.8 11 24 0.59 
i Sa 81 1 1.0 | 27.1 | 5.5 31 17.4 1.6 9 | 21 0.69 
L Type mean.......... | 8.3 | 0.584 .28 | 13.8+4.9 3.741.3 | 21 17.9 2.6 15 21 | 0.52 
- NutTaL. SALTBUSH | | | | | | 
2 Eee 8.2 | 0.18 | 4.4 ee: 6 18.5 4.6 25 19 0.38 
BARE, s.....006050| Ss | O00 14.4 3.8 20 18.9 2.9 15 21 0.38 
2 RGB... .ccsssscs] Se | 2 | 26.7 | 6.2 35 17.8 1.8 10 22 0.49 
36-60in..............] 82 | 1.47 | 31.9 | 5.9 34 17.2 1.4 8 24 0.45 
; Type mean.......... |} 8.2 0.89+ .28 | 19.3+6.6 | 4.3+1.0 | 24 18.1 27 14 21 0.43 
GrEASEWOOD 
j Rae 8.2 0.29 | 6.8 1 eg 11 19.3 4.0 21 13 | 0.25 
6-18in........ 8.7 | 0.82 | 13.2 | 6.1 30 20.5 3.1 16 19 0.12 
SM sie sic'n ase e's 8.4 1.03 17.7 | 5.8 33 18.5 2.3 12 19 0.16 
30-36 in... | 8.2 | 1.19 23.8 7.2 | 31 18.4 1.4 s 14 0.31 
Type mean..........| 8.4 0.83+ .30 15.4+ 4.2 4.8+1.8 | 26 19.2 2.7 14 16 0.21 
| | 
DEPTH MEAN | | } | 
0-6 in... 1 SF 1 08 3.2 | 1.0 6 17.9 3.6 20 17 0.48 
6-18 in. | 8.4 | 0.44 8.6 | 3.4 18 18.5 2.9 16 20 0.40 
ee | 8.3 | 0.78 16.4 | 4.8 28 17.5 2.0 12 23 0.50 
36-60 in...... 8.1 | 1.04 | 23.5 | 5.0 31 16.8 1.5 9 21 0.51 
1/3 atmosphere| 15 atmosphere | Sodium | Calcium | Magnesium | Potassium | Chloride Sulfate Carbonate | Bicarbonate 
Type and depth percentage | percentage ppm ppm | ppm ppm ppm ppm ppm | ppm 
SAGEBRUSH | | | | 
|| | 25.6 10.2 | 61 | 4 «| 14 | 104 70 6 | o | 482 
a | 24.9 1.7 | 298 | 64 17 12 =| 361 103 | 5 | 526 f 
SE. vaiescvcsicn | 32.3 13.3 | 832 196 | 106 | 114 1,388 | 1,060 16 | 602 
36-60in..............] 31.9 11.9 1,684 517 } 219 117 2,565 | 2,665 | 17 424 
Type mean..........] 28.747.1 | 11.8 719+ 556 | 213 89 } 112 1,096 | 973 | 9 | 496 
WINTERFAT | | | | 
0-6 in 20.6 8.8 | 145 | 82 22 1130 CO 148 137 0 495 
22.8 | 9.0 556 | 68 27 99 624 273 5 536 
25.1 9.1 | 1,236 146 | 54 82 1,433 635 6 513 
26.2 | 10.0 1,667 544 | 148 91 1,942 2,237 0 | 348 
22.7+2.6 | 9.2 | 901+ 233 | 210 | 63 96 1,037 | 820 3 } 47. 
| | 
| | | | | | 
20.8 9.9 | 189 47 12 155 | 190 | 81 0 | 538 
24.4 | aa | . 99s ae ae oan eC 1,118 466 5 | 680 
26.4 | 13.6 | 1,799 | 317 | 180 94 2,328 en a | 489 
26.2 | 13.0 | 2,735 | 1,280 | 431 | 165 3,962 4,704 | 0 256 
24.4+3.5 | 12.4 | 1,429+613 | 428 | 166 132 1,900 1,693 4 | 491 
| | | | | 
23.7 10.2 | 347 306 49 246 336 =| «1,092 0 482 
26.7 11.9 | 1,693 344 93 | 152 1,860 2,019 1 482 
29.9 13.1 | 3,269 561 280 | 148 4,124 3,367 20 459 
31.0 12.5 | 3,551 | 1,198 | 413 137 4,950 5,600 | 2 | 321 
27.8+3.7 | 11.9 | 2,215+918 | 602 208 170 2,818 3,020 6 436 
| | | | | 
0-6 in... cits) ae 10.7 | _ 580 | eri) <9 158 788 140 0 587 
_ See | 31.6 | 14.0 | 1,865 | 88 47 118 2,425 1,323 0 697 
Shae scsves | 30.7 13.0 2,355 | 237 | 80 90 2/894 1,412 1 | 546 
30-36 in... | 29.4 | 11.9 | 2,946 | 1,003 | 166 118 3,557 4,244 0 432 
Type mean... . . | 28.5+2.9 12.4 | 1,936+ 430 348 78 121 2,416 1,780 0 | 565 
| | | | 
22.6 10.0 | 264 | 114 23 155 | 306 | 303 | 0 | 506 
26.1 12.0 | 1,081 | 126 45 120 1,128 837 | 3 | 584 
28.9 12.4 1,898 291 | 140 105 | 2,433 Oe ee | §21 
29.0 | 11.8 | 2,517 } 908 | 275 126 | 3,395 | 3,890 | 4 | 356 
| | 
*95 percent confidence interval for type mean. 
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Analysis of variance of soil samples collected from 4 depths in 10 different areas for each of 5 


























| | Saturation | | | 
: | Total extract | Exchange- | Base ex- | _ - ; | 5 
Source | soluble | conductivity} able Na |Exchangeable| change cap. |Exchangeable|Fxchangeable| Lime per- Permeability 
DF. | pH calie K x 103 Me./100g Na percent Me./100g K Me./100g | K percentage cent | in./hr. 
MEAN SquaREs 
UN es eceaes — 4 {1,369 | 0.54* 195.1* | 8.1* 156 | 9.7 0.57 3.4 36.9 0.24 
Type x area, error (a)..| 45 |1,638| 0.18 | 870 | 2.8 87 9.3 0.68 20.9 45.6 | 0.13 
Depth..... ie 3 |1,545*| 1.57 | 792.1f | 33 .9T 1,306t | 5.3T 8. 86t 239.1¢ | 62.1 | 0.03 
Type x depth...... 12 882 0.04 15.8 | 1.0* 28t 0.6 0.41T 14.3+ 8.7 0.05 
Error (b).............| 185 | 5388] 0.02 | 6.7 0.4 il i MES 0.10 2.7 4.3 | 0.04 
| | | 
Between samples. .... . 50 | 717 | 0.02 6.5 0.4 90 0.9 0.08 2.0 | 2.0 | 0.06 
Samples x depths... .. 150 | 480 | 0.00 4.6 0.2 604 0.5 0.02 0.8 1.5 | 0.03 
| | | | 
1/3 atmos- 15 atmos- ; } é ; ; : ea = 
Source phere | phere Sodium | Calcium | Magnesium | Potassium Chloride Sulfate | Carbonate Bicarbonate 
percent | percent | ppm ppm ppm ppm ppm | ppm ppm ppm 
MEAN SQuaRES 
Mos cxese hes cescs 457 | 14.5 33,156,313f| 215,320 319,412 60,818 49,788,590 | 60,804,931 | 752 177 ,992 
Type x area, error (a)... 4 10.6 | 11,199,680 | 110,366 | 274,832 | 57,056 25,318,440 | 29,412,947 | 1,204 111,142 
Depth....... are 88t 11.6¢ | 95,975,848t/1,401,022t /1,314,801t 44,741¢ |181,292,8067|249,872,997¢| 2,485f 934 ,333t 
Type x depth........ 6 | 1.2 3,016 ,556*| 49,726 80,695 12,464* 6,765,143 | 5,966,741 | 397 82,9687 
Error (b). . 6 | 1.2 1,330,211 | 44,686 | 89,292 | 6,087 3,937,548 6, 893 ,998 710 33,785 
| | | 
Between samples. . 4 | 0.7 907,118 21,164 63 ,630 6,314 2,965,745 4,727,812 | 1,091 76,361 
Samples x depths ; 2 | 0.3 17,037 38,567 2,590 1,092,261 2 768,757 701 24,304 


437,854 | 








*Indicates significance at the 0.05 level. 
cal analysis was accomplished as shown in Tables 2 
and 3. 

pH Data 

Table 1 shows mean values for various soil char- 
acteristics. No statistically reliable difference was 
found between pH values! under the five species 
studied (Table 2). Likewise soils from various 
depths under each species had similar pH values. 
Only under winterfat did statistical analysis (Table 
3) show significant variation with depth. This re- 
sulted from the small variability from area to area 
making even small differences associated with depth 
significant. 

Table 2 does, however, indicate a significant dif- 
ference in pH between soils from various depths when 
all vegetation types were averaged. According to 
the measure of least significant range? all of these 
pH means at various depths differed significantly. 
Mean pH values were 8.2, 8.4, 8.3, and 8.1 for the 
0 to 6, 6 to 18, 18 to 36, and 36 to 60 in. depths 
respectively (Table 1). Therefore, these desert soils 
had significantly higher pH values at the 6 to 18 in. 
depth than at other depths. 

There was wide variability in pH among the 
various areas occupied by sagebrush. This was the 
only species showing a significant difference in this 
respect (Table 3). Thus, sagebrush soils were more 
variable in pH than soils under other types. 


The pH of soils did not appear to be important 


in determining the distribution pattern of the species 


1 All means and all statistical analyses pertaining to pH 


were based upon arithmetical equivalent values, 
?This new multiple range test (Duncan 


used to compare every treatment with every other treatment 
in an analysis of variance, 


1955) can be 


tIndicates significance at the 0.01 level. 


studied since there were no significant differences 
among the five types (Table 2). 


Som SAuts 

The amount of salt in soil commonly is expressed 
by either total soluble salt percentage or conductivity 
of the saturation extract. Saturation extract con- 
ductivity is believed more meaningful than the total 
soluble salt percentage. Equal quantities of dif- 
ferent salts do not give the same saturation extract 
conductivity. The extract conductivity is directly 
related to osmotic pressure and hence appears to be 
preferable to the total salt measurement in inter- 
preting plant responses. The saturation percentage 
of a soil is approximately four times the percent 
moisture in the soil at permanent wilting and two 
times the field carrying capacity. Conduetivity of 
the saturation extract is measured in millimhos (one- 
thousanths of a mho which is the reciprocal of an 
ohm), a unit of conductance of an electrical charge. 

In this study both total soluble salts and condue- 
tivity of the extract were determined. Both varied 
widely between the species (Table 1). These dif- 
ferences were significant between all type means ac- 
cording to Dunean’s least significant range test. Soils 
under sagebrush were lowest in salts followed by 
winterfat, shadscale, greasewood, and Nuttall salt- 
bush. 

Both total salt and conductivity increased with 
inerease in soil depth under each type and each of 
the depth means differed significantly. 

The content of soluble salts varied from area to 
area within each type and this variation was highly 
significant for all types (Table 3). While the satura- 
tion extract conductivity values also were variable 
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Analysis of variance of soil characteristics of pooled A and B samples collected from four depths 
in five vegetation types from ten areas on the salt-desert of Utah. 
































| Total | Saturation | 
| soluble | extract | Exchange- | Base ex- 
Source | - | salts | conductivity | able Na | Exchangeable| change cap. 
| D.F | pH | percentage K x 103 | Me./100g | Na percent | Me./100g 
7 MEAN SQuARES 
SAGEBRUSB 
)\ 9 309f| 0.69 166 13.3 429 108.6 §.1f 
a ae | 3 | 309| 1.84 | 868 73.6t 3, 586+ 27.2 7.14 
Areax depth......... 27 62]; 0.20t | 85t 8.8f 253 18.0 0.1 
Between samples within| 
areas and depths.| 40 92 0.07 27 2.3 83 6.0 0.2 
WINTERFAT | 
Area... | 9 | 155 | 0.40f 182+ 14.6¢ 7834 122.4 3.3t 
ORES SAT Perse 3 276*| 1.80¢ | 1,302f 57.6t 2,516 4.1 6.2* 
Area x depth. ....... | 27 | 85¢} 0.11f | 53f 4.2t 170t 6.4f 1.4f 
Between samples within | | 
areas and depths.| 40 | 26 | 0.03 17 0.8 37 1.5 0.2 
SHADSCALE 
ae | 9 | s84| 1.386t | 501t 31.3t 661t 113.2t 9.4f 
Bac nc ccesccess |} 3 | 694 3.99f | 2,291f 77 .3T 2,330T 15.2 28.5T 
Areax depth......... | 27 |1,077¢| 0.34f 145 8.0t 1607 15.9t 1.5 
Between samples within | | | 
areas and depths.| 40 291 0.12 38 2.5 46 3.9 0.4 
Nurrauy SALTBUSH | | 
eee | 9 | 552] 2.57f 1,004 28.1f 534t 75.7* 7.9t 
eee | 3 | 146] 6.65t 3,062 103.3t 3,700t 12.0 38.94 
Areas x depths........| 27 | 823t]/ 0.51 1,972 6.7t 144t 24.9* 1.3f 
Between samples within | | 
areas and depths.| 40 412 | 0.12 69 | 1.6 42 7.4 0.2 
GREASEWOOD | | 
A aera | 9 |6,293 | 4.21t | 998+ 55.07 1,916 49.1 4.2 
Saar Ree 3 |3,650| 3.08¢ | 1,029t 64.0t 2,056 18.7 24.0t 
Areas x depths........| 27 |4,5024) 0.45 | 113t 13.1f 3,557 45.1f 2.2f 
Between samples within| | 
areas and depths.| 40 1,869] 0.14 28 4.8 130 12.0 0.7 
| | | 
| 
| 1/3 atmos- | 15 atmos- | 
Source | phere phere Sodium | Calcium | Magnesium | Potassium Chloride 
| percent percent ppm ppm ppm ppm ppm 
MEAN SquaRES 
SAGEBRUSH 
EF vale switch aes 921f 222t 1,243 ,909 | 708 317,543 33 ,039T 12,906,073 
REE cb aicsa'b.a as | 314 | 31 10,363 ,173T} 895 185,890 640 25 ,573 ,769* 
Area x depth.......... | 231t 39T 1,117,1937 613¢| 177,298t 7, 586T 6,817, 458t 
Between samples within | 
areas and depths. . 79 8 | 487,410 | 208 | 37,626 1,429 1,739 ,362 
WINTERFAT | | | 
Er | 180t 207 | 3,455,5711| 152,895 6,846 16,318* 3,691, 1857 
a 122 4 | 9,262,503¢|) 1,015,006t 6,845 3,496 12,921 ,461f 
Area x depth.......... j 46t 4t | 682, 170t 179 ,448t 4, 8697 5, 468T 992 ,084f 
Between samples within 
areas and depthe... 10 1 86,113 | 30,202 | 1,017 707 174,971 
SHADSCALE | | 
er | 249+ 213t | 10,943, 447t| 782,527 | 447,340 32 ,653 25,125, 678T 
ee 134 56* | 23,778,769¢| 6,744,286t| 732,259 | 26,957 | 53,120,415t 
Area x depth.......... } 62t 18f 2.947, 9714 844,792¢| 339,159t |  20,910f 8,490, 105+ 
Between samples within | 
areas and depths. . | 18 2 | 589,350 154,900 | 84,937 7,981 2,009 ,366 
Nurraut Saureuss | | 
Mc cintescs| S00" | 56t | 18,641,283t/ 2,578,620*| 549,832* | 157,631¢ | 35,583,481t 
. ae | 6 | 31 | 44,378,448t| 3,411,145*) 570,726 53,110* | 88,858,3641 
Areas x depths....... mt | 16¢ | 4,123,316¢] 960,833] 239,9797 17,0944 | 11,294,760t 
Between samples within | | | | 
areas and depths, .| 2 | 5 | 1,324,591 | 363,465 | 97,455 5,571 3,306,003 
Greasewoop | 
. eh | 495t | 22 21,630,108t| 1,295,596 | 52,598t 45,637t | 49,285,784} 
ee | 341* 42 | 20,259,179¢| 3,933,735t| 80,249+ 15,394 | 27,879,371t 
Areas x depths... .| 102+ | 17t | 1,892,777 974,701t| 17,255 5,463 3,653 585 
Between samples within 
areas and depths. .| 4 | 290,883 | 147,365 3,129 1,916 573,459 


| 


ae 


B | 





*Indicates significance at the 0.05 level. 





{Indicates significance at the 0.01 level. 


| 


|Exchangeable | Exchangeable 
K Me./100g | K percentage 


1667 
145* 
447 


259f 
199* 
56T 
14 
304F 
925T 
38t 
13 
165 


099+ 


32T 


149* 
595T 
47t 


Sulfate 
ppm 


13 ,368 , 837 
29 , 687 , 815* 
8,839 ,295* 


2,419,279 
4,351,159 
18,726, 085t 
2,775,406 

412,436 
25,017,931 
87 ,991,123t 
14,227,170t 

2,392,107 
76,932 ,416T 


76,635, 4037 
15,458 , 875 






5,798,148 


27,394,392 | 





60, 698 ,53 
17,306, 435f 


5,270,633 


Lime per- 


centage 


Permeability 
in./hr. 


4847 
508t 
467 


4257 
61 
36T 


618f 
108 
66t 


4.01 
-70 
3.70T 


-43F 
887 
.13f 


-03 


-16 
-67 
-05 
-52T 


.13 


Carbonate | Bicarbonate 


ppm 


1,792 
1,351 
1,816t 


ppm 


25,513 
142,409 
83 , 602+ 


33 , 698 

36,695 

144, 424* 
47 , 980 
16,604 

88,576 
619 326 
86, 114f 
37,003 

126,141 


120,029 
63 ,943t 


278,786 
240,017 
163 ,724f 


71,479 
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from area to area within each type, the variation was 
sufficient to be significant only under winterfat, shad- 
scale, and greasewood. Likewise there was significant 
variability in both the soluble salt content and the 
extract conductivity at the various depths between 
areas occupied by each species except sagebrush. 

Analysis of A and B subsamples within areas 
showed the areas to be homogeneous for both salt 
analyses in the case of all species except sagebrush. 
For some unexplained reason, variability in both total 
salt and extract conductivity was greater in the 
center of sagebrush areas than near the periphery. 

Sagebrush and winterfat appeared least tolerant 
to high salt content whereas Nuttall saltbush grew 
on soils with the most salt. But despite the signifi- 
cant differences in mean salt contents among the 
species, in many of the study areas the five species 
were found growing in pure stands in soils of similar 
salt content. Figure 4 shows the range in saturation 
extract conductivity and the amount of overlap be- 
tween the five species. All appeared to have a wide 
range of tolerance, especially shadscale, Nuttall salt- 
bush, and greasewood. Although greasewood was 
tolerant to high salt content, it also occurred on soils 
with low salt content. All were found to occur in 
pure stand on soils with conductivity values between 
6.2 and 15.7 millimhos per cubic centimeter. Within 
this range some factor or factors other than soil salts 
acted either alone or in combination with salt as the 
limiting factor in determining vegetation type. This 
high variability between areas suggests that each of 
the five species has either a broad range of tolerance 
for soluble salt or that each species may be composed 
of various ecotypes, each with its own tolerance 
range. 


EXCHANGEABLE SODIUM 

Exchangeable sodium ean have profound effects 
on the physical and chemical properties of soil de- 
pending upon such factors as soil texture, surface 
area of the soil particles, type of clay in the soil, 
potassium status, and organic matter content of the 
soil. High sodium in the exchange complex may 
cause deflocculation and puddling in the soil which, 
in turn, decrease aeration and permeability and may 
decrease water availability. An exchange complex 
which is more than 40 to 50% sodium-saturated may 
cause nutritional deficiencies in plants (U. S. Salini- 
ty Laboratory 1954). 

Sodium was measured in terms of total exchangea- 
ble sodium and also in terms of percent of the ex- 
change capacity composed of sodium. A significant 
variability in amount of exchangeable sodium among 
soils under the different desert species is shown in 
Tables 1 and 2. There also appeared to be a con- 
siderable variability in exchangeable sodium percent- 
age between types (Table 1) but this variability was 
not great enough to show statistical significance 
(Table 2). 

Soils under 


winterfat had the smallest amount 


of exchangeable sodium as well as the lowest ex- 
changeable sodium percentage (Table 1). 


Winter- 
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Fig. 4. Saturation extract conductivity values, in 
millimhos per cubic centimeter, showing range, meat, 
and confidence interval (cross-hatched) for soils oceu- 
pied by (1) sagebrush, (2) winterfat, (3) shadscale, 
(4) Nuttall saltbush, and (5) greasewood. Data are 
averages of four soil depths. 























fat soils had 2.5 milliequivalents of exchangeable 
sodium per 100 gm as compared to greasewood soils 
which contained 4.8. Soils under winterfat also 
contained the lowest and greasewood soils the highest 
mean exchangeable sodium percentages, with 16 and 
26%, respectively. 

Exchangeable sodium increased with depth under 
all vegetation types (Table 1). The test for least 
significant range indicated that depth means were 
sufficiently variable in amount of exchangeable sodi- 
um and of exchangeable sodium percentage to be 
significantly different. The amount of sodium i 
the soil differed significantly even between depths 
within each type. A highly significant variability in 
exchangeable sodium percentage between depths was 
shown for all types except greasewood (Table 3). 

The increase of sodium with depth is to be expected 
since sodium is highly soluble and also is easily re 
placed on the soil exchange complex; hence, it is 
leached from the surface soils and accumulates at 
lower depths. 
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The amount of exchangeable sodium was variable 
from area to area within each type and this variation 
was highly significant for all species except sage- 
brush. The exchangeable sodium percentage of the 
soils also varied from area to area within each type. 
This variability was highly significant for all species 
except sagebrush and greasewood (Table 3). The A 
and B samples of each type were homogeneous and 
hence they represent random distribution of variance 
of the population being sampled. 

These data indicate that sagebrush and winterfat 
generally are not found on soils with high exchangea- 
ble sodium. Greasewood and Nuttall saltbush were 
found on the soils with highest sodium values. How- 
ever, considerable variation occurred between areas 
within types. The ranges in exchangeable sodium 
for each species are shown in Fig. 5. The overlap of 
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Fig. 5. Exchangeable sodium values, in milliequiva- 
lents per 100 grams of soil, showing range, mean, and 
confidence interval (cross-hatched) for soils occupied by 
(1) sagebrush, (2) winterfat, (3) shadseale, (4) Nuttall 
saltbush, and (5) greasewood. Data are averages of 
four soil depths. 


these ranges is readily apparent. All five species oc- 
curred in pure stands on soils containing 1.1 to 4.6 
milliequivalents of exchangeable sodium per 100 gm 
of soil. Greasewood had a range of values that ex- 
tended into the range of the other four types. This 
suggests that while greasewood does not require high 
concentrations of sodium it is physiologically adapted 
to tolerate high amounts. 

The maximum amount of exchangeable sodium a 
species can tolerate appears to affect its distribution 
on the salt-deserts. Plants of a certain species are 
genetically adapted to tolerate certain maxima in 
their environment. When these maxima are exceeded 
this plant is excluded and other species or ecotypes 
adapted to tolerate the environment occupy the area. 
Within the range of exchangeable sodium where the 
five species are all adapted some other factor (or 
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factors) plays the critical role in the determination 
of which species will occupy the area. 
Bask EXCHANGE CAPACITY 

The base exchange capacity of a soil (or more 
precisely the cation exchange capacity) refers to the 
milliequivalents of cations per 100 gm of soil which 
can be held to the soil particles by surface forces, 
and can be replaced by other cations (Thorne & 
Peterson 1949). The base exchange capacity has 
a pronounced effect on the physical and chemical 
properties of a soil. 

The base exchange capacity of the soils under the 
five species studied did not differ significantly (Table 
1 & 2). The test of least significant range, however, 
shows that all depth means for base exchange capacity 
vary significantly. The 6 to 18 in. depth was highest 
except under winterfat and exchange capacity de- 
creased at greater depths for all types. 

The significant difference in base exchange capacity 
between depths is undoubtedly a result of the soil 
forming processes. The colloidal clay fraction of the 
soil tends to leach from the surface layer and to ac- 
cumulate in a deeper layer and base exchange capaci- 
ty tends to correlate with clay accumulation. 

Base exchange capacity was variable from area to 
area within types. This variability between areas 
was significant except under greasewood (Table 3). 
The variance between samples A and B within areas 
was not significant. 

Base exchange capacity of soils does not appear 
to be a critical factor in the distribution pattern of 
these species. 


EXCHANGEABLE POTASSIUM 

Limited amounts of potassium are required for the 
nutrition of plants. High concentrations in the soil 
solution are rare but toxic effects of potassium on 
plants have been reported by the U. S. Salinity 
Laboratory (1954). 

Potassium was measured in terms of total ex- 
changeable potassium and also in terms of percent 
of the exchange capacity composed of potassium. 
Little variation in potassium was found among the 
soils occupied by the five species and differences were 
not significant (Tables 1 & 2). 

Highly significant differences between depth means 
for both amount of exchangeable potassium and ex- 
changeable potassium percentage are shown in Table 
2. This is also true within each type (Table 3). 

Variation in amount of exchangeable potassium 
among areas occupied by the same species was high- 
ly significant except under greasewood (Table 3). 
The exchangeable potassium percentage also varied 
considerably from area to area within types. This 
variation was significant for all types. 

When A and B samples were compared, no signifi- 
cant variability in potassium was found between the 
periphery and the center of areas occupied by any of 
the types. 

Potassium was apparently not a critical factor in 
determining distribution of these species. 
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LIME 

Soils of arid regions are usually calcareous. Be- 
cause of low precipitation rates and subsequent lim- 
ited leaching, the lime content of the soil remains at 
a relatively high level. Lime is important as it serves 
as a source of soluable calcium to replace some of 
the exchangeable sodium. Calcium is important in 
maintaining favorable structure in the soil. 

The lime content of soils under the five species 
was remarkably uniform (Tables 1 & 2), however, a 
highly significant difference occurred between depth 
means. Such variation was expected because lime 
is leached from the surface soil and accumulates in 
the lower depths. A type x depth interaction (Table 
2) suggests that variation in lime content between 
depths is not consistant over all types. Actually, 
significant difference between depths within types oc- 
eurred under sagebrush only (Tables 1 & 3). 

Samples A compared with samples B show the 
variances for lime percentage to be homogeneous 
within each type. 

There were highly significant variations in lime 
content of soils between areas within all types except 
Nuttall saltbush (Table 3). 

Variations in lime content between soils occupied 
by the five types appears to be relatively minor and 
inconsistent. From these data it appears that the 
lime percentage of the soil plays an insignificant role 
in determining plant distribution on the salt-deserts 
of Utah. 


PERMEABILITY AND INFILTRATION RATE 


The readiness with which a soil transmits or con- 
ducts water may be affected by texture, structure, 
stability of aggregates, exchangeable sodium, organic 
matter content, and many other factors. Because of 
the limited amount of precipitation on the salt- 
deserts, permeability rate is especially important. 

Infiltration refers to the rate of entry of water into 
the soil. Its rate is directly related to surface texture, 
structure, organic matter, litter, and exchangeable 
sodium. Surface runoff is excessive on soils with 
low infiltration rates. Where runoff is excessive, 
water is lost which otherwise would enter the soil 
and be available for plant growth. 

There appeared to be considerable variation in 
the permeability of soils under the various species 
studied (Table 1). However, statistical analysis 
(Table 2) indicated no significant differences be- 
tween types or depth means. Significant difference 
in permeability between depths was found only un- 
der winterfat. 

Table 3 indicates that permeability rate within 
the five types was extremely inconsistent. Signifi 
cant differences between areas were shown for soils 
under winterfat and shadscale. 

When A and B samples were compared they were 
homogeneous for all species except sagebrush. In 
the sagebrush type, the variation was much greater 
near the perimeter of the areas than in the center. 
Variation within areas would normally be expected to 
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increase as the adjacent types were approached, 
Limited data from field infiltrometer studies (Table 
4) showed a large variation in infiltration rate under 


TABLE 4. Infiltation* rates of soils from several 
areas occupied by each of five species on the salt-desert 
of Utah. 








Species Rate in./hr, 
SAGEBRUSH 
2.0 
1.0 
1.0 
1.4 
2.4 
1.4 
mean=1.5 
WINTERFAT 
1.8 
ES 
1.6 
1.6 
mean=1.6 
SHADSCALE 
0.8 
0.4 
1.3 
1.0 
mean=0.9 
SALTBUSH 
1.8 
ai 
2.0 
4.4 
mean=2.4 
GREASEWOOD 
0.4 
0.6 
1.2 
0.9 
mean=0.8 





*These data do not strictly indicate infiltration rates as the amount of lateral 
flow was considerable. They do indicate the relative rate of entry of water into 
tke soils under the five species. 
each species. The mean infiltration rates of each 
species also differed greatly. 

Both the infiltration and permeability rates were 
low under greasewood (Tables 1 & 4) but the other 
four species were inconsistent. These data indicate 
that greasewood often is found on soils which take 
in and conduct water at a slow rate. 


OneE-THIRD ATMOSPHERE PERCENTAGE 

The one-third atmosphere percentage is a labora- 
tory approximation of the percent of water retained 
in a soil at field capacity. It has a close relation to 
texture and organic matter content of the soil. Salt 
concentrations of the soil solution vary with the 
amount of water held. The maximum percent water 
that can be retained by a soil then is of extreme im- 
portance to plant growth. 

Data presented in Table 1 and 2 show that the ¥ 
atmosphere percentage was significantly different 
between soils occupied by the five species. Soils 
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under sagebrush were shown to have the highest and 
winterfat the lowest, with 28.7 and 23.7% averages, 
respectively. 

A highly significant difference also was shown 
between depth means. The 14 atmosphere percentage 
tended to increase with depth. Sagebrush soils varied 
from 25.6% in the surface 6 in. to 31.9% at the 5-ft 
depth, while winterfat varied from 20.6% in the sur- 
face soil to 26.2% at the lowest depth. The increase 
in 1%4 atmosphere percentage with depth apparently 
resulted from a textural change in the soil profile. 

A significant variation in 14 atmosphere percentage 
between areas within each type was shown (Table 
3). An inconsistent variation between area and 
depth was indicated by a highly significant area x 
depth interaction for each type. This variation in- 
dicated that soils of different areas of the same type 
did not have equal % atmosphere percentages at 
the same depths. 

A comparison of the A and B samples shows that 
they are homogeneous for all types and represent 
random variations within the population being 
sampled. 

The range in % atmosphere percentage for each 
type is shown in Fig. 6. All species occurred in 
pure stand on soils with a 4 atmosphere percentage 
betweeni 20.9 and 26.7. Sagebrush, shadscale, Nuttall 
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Fig. 6. One-third atmosphere percentage values, show- 
ing range, mean, and confidence interval (cross-hatched ) 
for soils occupied by (1) sagebrush, (2) winterfat, (3) 
shadseale, (4) Nuttall saltbush, and (5) greasewood. 
Data are averages of four soil depths. 


saltbush, and greasewood were found on soil with a 
¥% atmosphere percentage as high as 33.3 while sage- 
brush, winterfat, shadseale, and greasewood were 
found on soils whose % atmosphere percent was as 
low as 19.8. Sagebrush, shadscale, and greasewood 
show wide variation whereas winterfat and Nuttall 
saltbush have narrower ranges. 

Other things being equal, heavier textured soils 
have a higher 14 atmosphere percentage than lighter 


Som Aas A Factor INFLUENCING PLANT DISTRIBUTION 


167 


textured soils. Soil under winterfat, shadscale, Nut- 
tall saltbush, greasewood, and sagebrush follow in 
order for increasing moisture holding capacity. Data 
presented indicate that the 14 atmosphere percentage 
or field capacity of the soil may be an important fae- 
tor in the distribution of these plants. 


FIFTEEN ATMOSPHERE PERCENTAGE 

The 15 atmosphere percentage value is an approxi- 
mation of the percent of moisture retained in the 
soil at the permanent wilting point. The 15 atmos- 
phere percentage varies with soil texture. Generally 
speaking the lighter textured soils have the lower 15 
atmosphere percentage. 

Considerable variability in 15 atmosphere percent- 
age was shown for soils under the five species (Table 
1). However, this variation was not of sufficient 
magnitude to be statistically significant (Table 2). 
A highly significant difference in 15 atmosphere per- 
centage between areas was shown within all types 
except greasewood (Table 3). A significant dif- 
ference in 15 atmosphere percentage between depths 
was indicated only under shadscale. 

The A and B samples were homogeneous showing 
that no significant variation in 15 atmosphere per- 
centage existed within areas occupied by each of the 
vegetation types. 

The lack of variation in 15 atmosphere percentage 
between species indicated that the permanent wilting 
point of the soil was not a critical factor in determin- 
ing their distribution pattern. 


SOLUBLE SopiuM 

The adverse effects of sodium on soils have been 
discussed previously. Soluble sodium in the soil is 
readily available to react on the soil exchange com- 
plex. Sodium may be present in the soil in various 
salt forms. Sodium chloride is the most common in 
the salt-deserts of Utah. 

Soluble sodium in the soil varied significantly 
among the five species studied (Tables 1 & 2). The 
soils under sagebrush contained the smallest amount 
of soluble sodium and soils under Nuttall saltbush the 
largest, with 719 and 2,215 ppm averages, respective- 
ly. Winterfat, shadseale, and greasewood soils 
averaged 901, 1,429, and 1,936 ppm respectively. 

Soluble sodium in the soil is subject to leaching. 
Therefore, differences in sodium content would be 
expected with depth. Analysis of variance (Table 
2) shows that such a difference existed between depth 
means. Highly significant differences between depths 
also are shown within all types (Table 3). 

A highly significant difference in soluble sodium 
exists between areas within all types except sage- 
brush (Table 3). Inconsistent variations between 
areas and depths within each type were shown by the 
highly significant depth x area interaction (Table 3). 
This interaction indicated that the soluble sodium 
content at a given depth varied even within the same 
vegetation types. 

The A and B samples were homogeneous in all 
types except sagebrush. The large variance of the 
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A samples of sagebrush indicates that, as expected, 
the soluble sodium content of these soils became more 
variable as the edges of the areas were approached. 

Shadscale, Nuttall saltbush, and greasewood had 
wide ranges of tolerance to soluble sodium. Sage- 
brush and winterfat had much narrower ranges of 
tolerance. These three species occurred in pure stands 
on soils having from 362 to 3,588 ppm. Greasewood 
occurred in soils from 91 to 4,306 ppm soluble 
sodium. Within the range of 362 to 1,526 ppm solu- 
ble sodium each species occurred in pure stand. With- 
in this range other factors must determine distribu- 
tion of these five species. 

TABLE 5. Relative position of five vegetation types 
when ranked according to mean values for characteristics 
of soils oceupied by each.* 

















Saturation 
Total | extract |Exchangeable| Soluble 1/3 atmos- 
Rank | soluble salts, | conductivity,| sodium, me./} sodium, phere per- 
percent K x 103 100 grams ppm centage 
1........] Nuttall | Nuttall Greaeswood | Nuttall Sagebrush 
saltbush | saltbush saltbush 
2........]| Greasewood | Greasewood | Nuttall Greasewood | Greasewood 
| saltbush 
3 es oe Sh dA. 1 | Sh a ] Sh da ] Sh ad ] Nuttall 
saltbush 
4........| Winterfat | Winterfat Sagebrush | Winterfat Shadscale 
Biscsvnee Sagebrush Sagebrush | Winterfat Sagebrush | Winterfat 
| 











*Number 1 is highest, 5 is lowest. 


SoLuBLE CALcIuM 

High concentrations of calcium in the soil solution 
affect various plant species in different ways. A 
calcium toxicity for some species has been reported 
by the U. S. Salinity Laboratory (1954). Soluble 
calcium in the soil is availible to replace sodium on 
the exchange complex. It is also beneficial in main- 
taining soil structure. 

Data presented in Tables 1 & 2 indicate that small 
and insignificant variability exists in soluble calcium 
content between soils occupied by the five species. 
However, a highly significant increase in soluble eal- 
cium with depth is shown in all types (Table 3). 
The test for least significant range shows all depth 
means to be significantly different. The soluble cal- 
cium average of sagebrush soil varied from 74 ppm 
in the surface six inches to 517 ppm at the 5-ft depth. 
Soils under Nuttall saltbush varied from an average 
of 306 in the surface 6 in. to 1,198 ppm at the 5-ft 
depth (Table 1). 

No significant amount of variation was shown to 
be present from area to area within any type except 
Nuttall saltbush (Table 3). Significant differences 
between soil depths were shown in all types except 
sagebrush. 

When A samples were compared with B samples 
they were found to be homogeneous in soluble calcium 
content under all types. 

Data presented indicate that soluble calcium is a 
relatively constant factor in the soils of the salt- 
desert ranges of Utah and does not appear to be a 
limiting factor in the distribution of the five species. 
Soils of the salt-desert of Utah are mostly of sedi- 
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mentary or alluvial origin and are calcareous in na- 
ture. Thus, the uniformity in calcium content of 
the soils supporting the five species is a reflection of 
the parent material. 


SOLUBLE MAGNESIUM 


Magnesium salts may be more toxic to plants than 
equal osmotie concentrations of other neutral salts, 
Relatively high amounts of calcium may do much to 
alleviate the toxic effects of magnesium according to 
the U. S. Salinity Laboratory (1954). 

Mean values for soluble magnesium in soils under 
the five species are shown in Table 1. Magnesium 
content of the soil varied but slightly between types 
(Table 2). However, a significant inerease in soluble 
magnesium occurred with increased depth of soil. 

Variation in soluble magnesium was insignificant 
from area to area within all types except Nuttall salt- 
bush and greasewood (Table 3). Significant differ- 
ences between depths within areas occurred only un- 
der greasewood. 

A comparison of A and B samples showed large 
variation in magnesium between the center and pe- 
riphery of areas occupied by sagebrush, shadscale, 
and Nuttall saltbush. In these types the soils of the 
center portion of the area varied significantly more 
than the soils near the periphery of the areas. No ex- 
planation for this variation is apparent. 

The soluble magnesium content of the soils is ap- 
parently a reflection of the parent materials. Data 
collected give no indication that the magnesium con- 
tent of the soil is critical in determining the dis- 
tributional patterns of the five species studied. 


SOLUBLE PoTASSsIUM 


Toxie effects of high concentration of potassium 
in the soil solution have been reported by the U. 8. 
Salinity Laboratory (1954). They also show evidence 
that potassium toxicity is reduced when calcium con- 
tent of the soil is high. 

The analysis of variance presented in Table 2 
shows no significant difference in soluble potassium 
content between soils occupied by the five species 
studied. A highly significant difference in potassium 
content between soil depth means was evident. How- 
ever, Nuttall saltbush was the only individual type 
showing significant depth differences (Table 3). 

The soluble potassium content of soils varied sig- 
nificantly from area to area within all types except 
shadseale (Table 3). The A and B samples showed 
that no significant variation occurred between the 
center of the areas and the peripheries. 

Similar to the other cations, the soluble potassium 
content of the soil may well be a reflection of the 
parent materials. These data indicate that potassium 
is not a limiting factor in the distribution of the five 
species. 


SOLUBLE CHLORIDES 
In addition to other soil characteristics, several 
anions were determined for these desert soils. The 
U. S. Salinity Laboratory (1954) reports that uptake 
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TaBLE 6. Mean values of chemical analyses for soil samples collected from opposite ends of a trench dug across 
sharp ecotones between various vegetation types of the salt-desert ranges of Utah.* 





| Saturation 












































| | | Base | | 
Total extract | Exchange- exchange | Exchange- | __ | 1/3 atmos- | 15 atmos- | Exchange- 
Ecotone pH soluble salts | conductivity | able Na capacity | able Na Lime per- | phere per- | pheres per- | able K 
percentage kx 103 | Me./100g. | Me./100g. | Percentage | centage centage | centage Me./100g. 
Norrau. Saursvse— | | | 
§HADSCALE | | | | 
Saltbush end.......... 8.2 0.98 | 18.4 6.8 17.1 | 41 | 21 25.0 10.0 | 3.3 
Shadscale end......... 8.2 1.17 | 19.0 | 9.0 17.4 52 23 | 33.7 | 13.0 | 3.3 
} | | 
| | | 
SaGeBRUSE— | | | 
SHADSCALE | | | | 
Shadscale end......... 8.3 1.17 31.0 4.9 17.6 | 28 | 19 47.2 | 12.8 2.6 
Sagebrush end......... 8.2 1.08 | 16.7 | 5.2 7.8 | 30 | 2% | 49.0 | 13.0 3.2 
WinTeRFaT— | | | 
SaGEBRUSH | | | | 
Winterfat end......... 8.5 0.72 12.9 5.8 15.5 | 37 20 | 23.3 | 7.8 3.0 
Sagebrush end......... 8.6 0.20 5.0 | 3.0 15.4 i a | 8.1 2.6 
| | | 
Norraut Saursvse— | } 
SAGEBRUSH | 
Saltbush end.......... 7.7 0.79 19.5 4.5 17.8 26 | 22 } 37.0 | 10.2 3.9 
Sagebrush end.........| 7.9 0.48 | 11.3 | 5.0 18.2 a a en eS ee ee 32 
| | | 
Norraut Saursuse— | | 
SaGeBRUSH | | | 
Sagebrush end......... 8.0 0.38 5.2 3.0 22.1 9 | 22 } 32.8 we 4.1 
altbush end.......... 8.4 1.07 15.9 | 8.3 23.1 33 Ci(‘(g]SétikSCO|o88 8.7 4.0 
| | | 
Exchangeable Calcium Magnesium Sodium Potassium Chloride Sulfate Carbonate | Bicarbonate 
Ecotone K percentage ppm ppm ppm ppm ppm ppm ppm ppm 
Norrau. Satrsvsa— 
SHADSCALE 
Saltbush end........... 18.7 92 2 1,895 41 2,260 987 0 534 
Shadscale end.......... 14.0 88 40 2,421 88 3,000 987 0 593 
SaceBRUSHE— 
SHADSCALE 
Shadscale end.......... 16.0 854 250 4,400 154 3,746 5,892 0 485 
Sagebrush end......... 18.0 850 223 3,786 184 5,258 3,272 0 11,824 
WinrerratT— 
SaGEBRUSH 
Winterfat end.......... 19.0 602 88 1,564 141 1,291 3,080 44 380 
Sagebrush end......... 17.0 267 64 869 95 462 1,712 69 563 
Norraut Saursrvsa— 
SaGEBRUSH 
Saltbush end........... 22.0 103 73 2,646 187 4,075 494 0 413 
Sagebrush end......... 18.0 65 51 1,658 118 2,468 350 34 566 
Norrat, SAurBuse— 
SaGEBRUSH 
Sagebrush end......... 18.0 927 248 155 194 108 2,370 0 476 
Saltbush end........... 18.0 1,304 722 4,790 311 3,236 11,375 0 71 
































*These data represent average values for several depths of the soil profile to 7.0 ft. 


of anions from the soil solution is not reduced be- showed them homogeneous for all types except sage- 
cause of salinity of soils. brush. The B samples of sagebrush had significantly 

The chloride content of the soil varied insignificant- greater variance than the A samples. No explana- 
ly between species (Tables 1 & 2). A highly signifi- tion is available as to why the center of the areas 
cant increase in chlorides with depth means was under sagebrush had more variable soluble chloride 
shown for all types. This increase with depth indi- content than soils near the perimeter. 


cates that chloride salts are subject to leaching. A These data indicate that while the chloride con- 
significant difference in chloride content also was tent of desert soils is variable it does not vary signifi- 
shown between depths within each type studied. cantly between soils occupied by the five species 


Variability from area to area within types was studied. The soluble chloride content of the soils 
highly significant in all cases except sagebrush (Table does not appear to be an important factor in the 
3). A comparison of A and B samples within areas plant distribution pattern. 
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SOLUBLE SULFATE 


High concentrations of sulfates in soils have been 
related to decreased calcium uptake by plants (U. S. 
Salinity Laboratory 1954). Sulfate is present in 
the salt-desert soils in various forms. 

Values for soluble sulfate content of soils under 
each of the five types are shown in Table 1. Some 
variation between types is evident, but this variation 
is not significant (Table 2). However, a_ highly 
significant variation occurred between depths. Depth 
means were all significantly different when tested for 
least significant range. Also, all depths varied sig- 
nificantly within each type. 

Little variation was shown from area to area with- 
in types (Table 3). Only Nuttall saltbush had 
significant variation in sulfate content between areas. 

The sulfate contents of A and B samples were 
homogeneous except under greasewood. The B 
samples in the greasewood type showed significantly 
more variability than the A samples. This indicated 
that the interior portions of areas occupied by grease- 
wood were more variable than the peripheries. 

Sulfate salts are abundant in salt-desert soils. 
However, the content did not appear to vary suf- 
ficiently between vegetation types to be considered 
critical in determining plant distribution. 


SOLUBLE CARBONATE 

A high degree of alkalinity is associated with the 
carbonate ion and most authors consider this ion to 
be highly toxic to plants. Since the carbonate ion 
bears such a close relation to pH it is diffieult to 
determine whether plant responses are related to the 
carbonate or the hydroxyl ion. Abundant carbonate 
ions in the soil generally are associated with high 
exchangeable sodium (Thorne & Peterson 1949). 

Carbonate contents were low in all soils studied 
(Table 1). The analysis of variance shown in Table 
2 indicated no significant difference in carbonate con- 
tent under the five species. A highly significant 
variation indicated that carbonate content was clear- 
ly related to soil depth (Table 2). Zero to 6-in. soils 
were lower in lime than were deeper layers. 

There was little variation in carbonate shown from 
area to area within any type (Table 3). Only in 
sagebrush areas were the A and B samples homo- 
geneous. In winterfat, shadseale, and greasewood 
areas the B samples were shown to be significantly 
more variable than the A samples. This denotes 
greater variation in carbonate content in the centers 
of the areas than near the perimeters. The reverse 
was true of Nuttall saltbush areas. 

Since the carbonate content was low and not sig- 
nificantly different between species, the carbonate ion 
is not considered a limiting factor in the distribution 
of the five species. 


SOLUBLE BICARBONATES 


While the bicarbonate ion is usually present in 
soil solutions, the amount that can remain in svlution 
varies with pH, COs, pressure, and soil temperature 
(Thorne & Peterson 1949). 


The bicarbonate ion has 
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specific toxicity for many plants and may effect the 
intake and metabolism of plant nutrients (U. S§, 
Salinity Laboratory 1954). 

The bicarbonate ion varied insignificantly either 
within or between types (Tables 1, 2, & 3). A highly 
significant difference, however, was shown between 
soil depths. Also, a highly significant type x depth 
interaction (Table 2) indicated that the bicarbonate 
ion content of soils is not the same at comparable 
depths for all of the types studied. 

A comparison of A and B samples within areas of 
each type showed the two samples homogeneous for 
all types except shadseale. Shadscale had significant- 
ly higher variation in the A samples than the B 
samples. 

These data showed the bicarbonate ion to be re- 
latively low in soils of the salt-desert. It did not 
appear to have a significant bearing on the distribu- 
tion of the five species. 


VEGETATION TYPES AS RELATED TO SOIL 
CHARACTERISTICS 


There was a significant difference between types 
for five soil characteristics; total soluble salt, satura- 
tion extract conductivity, exchangeable sodium, solu- 
ble sodium, and 14 atmosphere percentage (Table 2). 
The test for least significant range indicated that 
type means for each of these factors were signifi- 
cantly different. The five types were ranked accord- 
ing to their relative position with regard to the prop- 
erties of the soils which they occupied (Table 5). 

Nuttall saltbush grew on the most saline-alkali soils 
(Tables 1 & 5). It appears that Nuttall saltbush was 
well adapted to soils of high salt and sodium content, 
however, the species was not limited to areas extreme- 
ly high in these constituents. 

Greasewood soils were lower than Nuttall saltbush 
soils in all significant factors except exchangeable 
sodium and % atmosphere percent. Greasewood 
generally was found on soils only slightly less saline 
than those oceupied by the saltbush. Although mean 
values of soluble salt and sodium in greasewood soils 
were high, it also occurred on soils low for these 
factors. This suggests that greasewood does not re- 
quire high content of salts and sodium in the soil but 
that it ean tolerate high amounts. 

Soils under shadseale contained intermediate 
amounts of the chemical constituents found to be 
significant by analysis of variance. Shadscale ap- 
peared to be most tolerant of soils with relatively low 
field moisture capacity. Only winterfat soils had 
lower values for 44 atmosphere percentage. Shad- 
scale, however, was not restricted to soils intermedi- 
ate in these significant characteristics but was grow- 
ing on soil of widely divergent natures. 

Winterfat was found on soils relatively low in 
salinity and alkali. Sagebrush was the only type 
lower in total soluble salts, saturation extract con- 
ductivity, and soluble sodium. Winterfat soils 
averaged lowest in exchangeable sodium and % at- 
mosphere percentage. This species however, some- 
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times was found on soil with high values for these 
factors indicating a wide range of adaptation. 

Soils under sagebrush had the lowest mean values 
for total soluble salt, saturation extract conductivity, 
and soluble sodium. Sagebrush soils had the highest 
% atmosphere percentage of the five species. 


EcoTONE STUDIES 

Data obtained from analyses of soil samples col- 
lected from each end of trenches excavated across 
ecotones are presented in Table 6. These data were 
extremely variable and somewhat inconsistent Eeo- 
tone data were too limited to justify statistical 
analyses. 

Analysis of the soil samples collected from each 
end of a trench across a Nuttall saltbush-shadscale 
ecotone (Fig. 3) failed to show differences in soil 
characteristics. Since analyses of variance (Table 
2) indicated significantly higher values for Nuttall 
saltbush than for shadseale for total soluble salts, 
saturation extract conductivity, amount of exchangea- 
ble sodium, 14 atmosphere moisture percentage, and 
amount of soluble sodium, similar differences would 
be expected between the two ends of the ecotone 
trench. However, the reverse actually occurred in 
each case. 

For all five factors found to be statistically dif- 
ferent between types (Table 2), shadseale had signifi- 
cantly higher values than sagebrush (Table 1). Data 
from a shadseale-sagebrush ecotone (Table 6) also 
showed shadseale to have higher values for all of 
these factors, excepting exchangeable sodium. 

Analysis of variance showed sagebrush soils had 
higher values for exchangeable sodium and 14% at- 
mosphere percentage than did winterfat. The data 
from a winterfat-sagebrush ecotone, however, showed 
that winterfat soils were higher than sagebrush soils 
in each of the five factors found to be significant be- 
tween types. 

Mean values presented in Table 1 show Nuttall 
saltbush to have significantly higher values than sage- 
brush for total soluble salts, saturation extract con- 
ductivity, exchangeable sodium, and soluble sodium. 
Sagebrush had significantly higher values than Nut- 
tall saltbush for 4 atmosphere percentage. Two 
sagebrush-saltbush ecotones were studied on the salt- 
deserts (Table 6). Analyses from these two ecotones 
are not in agreement. They also differ from data 
in Table 1 in that Nuttall saltbush in the ecotone study 
was found on soils lowest in exchangeable sodium 
and soluble sodium and in one instance the saltbush 
soil was highest in 1% atmosphere moisture percent- 
age. 

These data furnish evidence that abrupt changes 
in soil chemistry do not oceur concomitantly with 
changes in vegetation type in the area studied. 


Basa Density AND SoIL CHARACTERISTICS 


Density of plant cover is a reflection of the environ- 
mental characteristics. Major factors of the en- 
vironment can be classified as climatic, edaphic, and 
biotic. In this study climate was assumed to be com- 
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parable over all areas studied. Biotic factors were 
not measured although observations were made on 
apparent grazing pressure and plant vigor. In this 
study the edaphic factors were emphasized. 
Average basal densities for each type studied are 
shown in Table 7. These varied from 9.7 to 5.8% 


for winterfat and greasewood, respectively. The 
TABLE 7. Basal density and transect analysis of five 


vegetation types studied on the salt-desert of Utah.* 





N 
Basa Density oF 


Type Total Dominant Other Bare 
dominant vegetation,| species, species, Litter, | Rock, | ground, 
| percent percent percent percent | percent | percent 
Sagebrush... .. ot 7.4 0.3 31.6 11.4 49.3 
Winterfat.....| 10.0 9.7 0.3 19.4 | 3.8 | 7&1 
Shadscale...... 8.7 8.6 0.1 | 26.4 | 8.6 56.1 
Nuttall 
saltbush....| 9.5 9.5 0.1 9.9 0.3 80.3 
Greasewood....} 5.9 5.8 0.1 20.2 | 6.4 67.6 





*Values for each type are averages of four 100-foot transect lines from each 
of 10 areas within each type. Thus each value is an average of 40 100-foot line 
transects. 
purity of each type studied is shown by the low 
percentage of other species growing in association 
with each of them. Other species contributed only 
0.1% of the basal density in shadseale, Nuttall salt- 
bush, and greasewood types and 0.3% in sagebrush 
and winterfat types. Their abundance and the ex- 
clusion of other species suggests that the five species 
studied were well adapted to the areas which they 
dominated. Other species either could not tolerate 
soil conditions present under the pure types, were un- 
able to become established on areas already occupied 
by the existing vegetation types, or succession was 
not yet complete. 

Significant differences between vegetation types 
were found in the cases of total soluble salts, satura- 
tion extract conductivity, exchangeable sodium, % 
atmosphere percentage, and soluble sodium (Table 
2). Since these soil characteristics were significantly 
different between types it was assumed they might 
also have some effect on basal density of the indi- 
vidual types. Consequently, regression coefficients 
were calculated for these soil factors. These regres- 
sion coefficients (Table 8) indicate relatively little 
correlation between any of these soil characteristics 

TABLE 8. Regression coefficients measuring the rela- 


tion of three soil characteristics to basal density of five 
vegetation types. 











Saturation extract | Exchangeable 1/3 atmospheres 
conductivity | sodium percentage 
Type =millimhos/c.c. X=me./100 grams | X=% moisture at 

5 . |. soil 1/Zatm. 

Y=% basal density | Y=% basal density | Y =% basal density 
Sagebrush....... —0.034 | — —0.068 —0.017 
Winterfat....... —0.316 —0.135 —1.660 
Shadscale........ . 0.266 0.547 0.123 
Nuttall saltbush. . 0.072 0.721 0.536* 
Greasewood. .... 0.079* | 0.309* 0.070 











*Indicates probability at the 0.05 level. 
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and basal density. In only three cases was basal 
density found to be significantly correlated to specific 
soil factors. 

The 14 atmosphere percentage of the soil had sig- 
nificant effect on the basal density of Nuttall salt- 
bush. Within the 44 atmosphere percentage range 
of 20.9 to 33.3% an increase of 0.536% in basal den- 
sity accompanied each increase of one percent in the 
14 atmosphere percentage. 

Basal density of greasewood was shown to be 
significantly affected by both saturation extract con- 
ductivity and exchangeable sodium. The regression 
coefficient indicates that between the ranges of 0.6 
and 30.8 millimhos conductivity there is an increase 
of 0.079% in basal density with each millimho in- 
crease in saturation extract conductivity. A regres- 
sion coefficient of 0.309 for basal density as affected 
by exchangeable sodium shows an increase of 0.309% 
in basal density of greasewood with each millequiva- 
lent increase in sodium, within the ranges of 0.6 to 
7.5 millequivalent of sodium per 100 gm of soil. 


CONCLUSIONS 

The plant cover of a given area is not a matter of 
complete randomness with the area being occupied by 
the first species whose propagules are introduced. 
The ecological explanation of plant distribution is 
based primarily upon environmental factors. This 
study was based on the edaphic factor which was pre- 
sumed to be the cause of plant zonation on the salt- 
desert of Utah. Pure stands of each of several 
species are common on the desert and correspond to 
the consociations of Weaver & Clements (1938). To- 
gether they form the basin sagebrush association. 

Soil analyses showed some significant edaphic dif- 
ference between soils occupied by the various species. 
However, no species was restricted in distribution 
by a narrow tolerance range for any specific soil 
factor. Overlap of each soil factor measured was 
found under all species studied. Within certain 
ranges for each edaphic factor, all five species ap- 
peared to be well adapted. Within this range it 
would be logical to find mixtures of the various 
species. This was not true. In these instances some 
other factor or factors which were not measured by 
this study must have limited plant growth to the 
single species occupying the area. 

Sagebrush was growing on soils with the lowest 
average values for total soluble salts, saturation ex- 
tract conductivity, and soluble sodium and had a 
comparatively narrow range. Sagebrush also oc- 
curred on the heaviest textured soils of any species 
studied. Data pertaining to soil texture and to salt 
and sodium content of soils under sagebrush are 
somewhat different from those of Weaver & Clements 
(1938), Clements (1920), Shantz (1938), Shantz & 
Piemeisel (1940), Kearney et al. (1914), and Stew- 
art et al. (1940). 

The values of sagebrush as an indicator of soil 
conditions in the northern desert shrub area un- 
questionably is limited. The wide variability of soil 
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under sagebrush makes its use as an index in exaet 
classification of land quite meaningless. The true 
characteristics of a sagebrush soil can be determined 
only by chemical analyses. 

Winterfat was growing on soils comparatively low 
in amounts of salt and sodium. Also winterfat soils 
averaged lightest in texture with lowest field moisture 
capacity. The species was not, however, restricted 
to such soils but grew under widely variable edaphic 
conditions. Other authors, Weaver & Clements 
(1938), Clements (1920), Shantz (1938), and Shantz 
& Piemeisel (1940) have presented data that show 
this species is confined to less saline soils than was 
found in this study. The extreme variability of the 
edaphic conditions under winterfat severely limits 
use of the plant as an indicator of soil characteristics. 

It appears that sagebrush and winterfat may be 
restricted in their distribution by relatively’ high 
amounts of total salts and sodium. This may explain 
why these species are not found in association with 
shadseale, Nuttall saltbush, and greasewood in areas 
of high saline-alkali conditions. However, it does not 
explain why sagebrush and winterfat do not occupy 
certain areas of low saline-alkali conditions now oe- 
cupied by the other three species. 

Shadseale was found to oceupy soils of intermediate 
salt and sodium content as compared to the other 
species studied. Shadscale soils were non-saline in 
the surface six inches but saline-alkali at greater 
depths. They were also of low water holding capaci- 
ty suggesting that shadscale is well adapted to rela- 
tively coarse-textured soils. However, the edaphie 
conditions under shadseale also were highly variable. 
The inconsistent variability of these soils severly 
limits the use of this species as an indicator of soil 
characteristics. Data on the indicator significance 
of shadscale by Shantz & Piemeisel (1940), Shantz 
(1938), Kearney et al. (1914), Weaver & Clements 
(1938), and Clements (1920) do not agree with 
data presented in this study. Findings: of Billings 
(1949), however, are in substantial agreement. 

Soils under Nuttall saltbush were saline in the sur- 
face 6 in. and saline-alkali from 6 in. to 5 ft. These 
soils were of relatively fine texture, as reflected by 
high44 atmosphere moisture percentage. However, 
its tolerance resulted in wide ranges in adaptibility. 
Therefore, the use of Nuttall saltbush as an indicator 
plant is limited. 

Soils under greasewood also were saline throughout 
the profile, saline-alkali below the surface 6 in., and 
relatively heavy in texture. Shantz & Piemeisel 
(1914) stated that greasewood was not an infallible 
indicator of salt. The data of this study substantiate 
their work. Greasewood oceupies soils with wide and 
varied amounts of salinity and alkali. Because of 
this variation in edaphic factors under greasewood, 
its presence on a site does not indicate that certain 
soil conditions are or are not present. There appears 
to be a relation between greasewood (i.e. Sarcobatus 
vermiculatus) and subsoil moisture (White 1932), 
however, this possibility was not measured in this 
study. Data presented here on the indicator signifi- 
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eance of greasewood are not in complete agreement 
with those presented by Bindschadler (1948), Shantz 
(1938), Weaver & Clements (1938) and Clements 
(1920). 

This lack of agreement may result from several 
causes. Data in this study were collected from wider 
geographic locations than were those of the other 
authors. This could account for some of the wide 
variability which occurred between areas occupied by 
the same species. The use of statistics has provided 
better means of analyzing masses of data than were 
possible when some of the earlier data were collected. 
Also new and improved laboratory analytical methods 
have made possible more precise measurements of 
soil characteristics than were formerly possible. 
Some explanations of the indicator significance of 
plants in the past seem to have been based on visual 
observations and theory rather than on carefully con- 
trolled scientific experiments. 

There are several possible explanations for pure 
stands where mixed stands might be expected. How- 
ever, this study was not designed to test these pos- 
sibilities. A considerable amount of work has been 
done which indicates the existence of inhibiting sub- 
stances produced by certain species which prevent 
germination and establishment of other species. In- 
hibiting substances could well be functional in the 
maintenance of pure stands of the various species on 
the salt-desert of Utah. If such inhibitors exist, they 
might enable an early-invading species to dominate 
and hold a local area against other species perhaps 
better adapted to existing habitat conditions. Ad- 
ditional research will be necessary to furnish informa- 
tion as to the validity of this possibility. 

The depth of the water table also may be an im- 
portant factor in plant distribution on the salt-desert. 
Although no water table was encountered in any ex- 
cavation connected with this work, the effects of 
water table on plant distribution were kept in mind 
but the water table depths were not determined. If 
the water table is of significant importance in the 
distribution pattern, the question as to how the young 
plants became established and survived until their 
roots made contact with this water table is still un- 
answered. Additional research along these lines 
might prove interesting and enlightning. 

The role of ecotypic variation within a species has 
not been investigated for salt-desert shrubs. Such 
variation seems especially logical as a cause for the 
wide variability within soils occupied by the same 
species. An individual plant is genetically adapted 
to tolerate certain maximum or minimum limits in 
its environment. When these limits are exceeded the 
plant no longer survives or new plants of similar 
genetic adaptation fail to become established. How- 
ever, since plant species are composed of variable 
individuals, constantly interbreeding, new individuals 
can be formed which are adapted to tolerance limits 
different from those of their parents. Such new 
individuals may serve as the basis for the establish- 
ment of ecotypes within the species with quite dif- 
ferent physiological ranges of tolerance than the 
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original species. Thus, through interbreeding and 
natural selection over a period of time, various eco- 
types with different tolerance ranges for various 
edaphic factors may have developed within the species 
Morphologically these might be indistinguishable. 

If ecotypie variation is a logical explanation for 
the wide adaptation within each species, then the 
worth of the species as an indicator is considerably 
reduced. Actually this study may have dealt not 
with five different species but with an unknown num- 
ber of ecotypes which were not identifiable morpho- 
logically. 

The possibility that the vegetation, now present, on 
the salt-desert is a developmental stage in the suc- 
cession toward a climax, or that it is a grazing dis- 
climax should not be overlooked. If either of these 
were the case, the various species would have lesser 
meaning as indicators. Permanent transects 
could be established across existing ecotones to de- 
termine whether the ecotones are fixed or whether 
there is a movement toward one type or the other. 
If the ecotones appeared static, then evidence would 
favor the idea of the present vegetation being climax. 
If such were the case, data gathered in this study 
would be more meaningful in that they would indi- 
cate a permanent relationship between plant and soil 
rather than a temporary or transitory relationship. 

Data presented and analyzed in this study show 
many significant variations among soils supporting 
various plant types. However, the variation within 
types is of such magnitude as to limit severely the 
usefulness of present indicator concepts. From the 
results of this study it would seem that the present 
vegetation of the salt-deserts of Utah is not an 
adequate index for determining soil characteristics 
or for predicting potential capabilities of the land. 


soil 


SUMMARY 


During the summers of 1953 and 1954 studies were 
conducted on the salt-desert ranges of Utah to ob- 
tain information contributing to a better understand- 
ing of why some of the desert plants grow where they 
do, and what role soils play in plant distribution. 
Shrub types studied were sagebrush, winterfat, shad- 
scale, Nuttall saltbush, and greasewood. Each species 
tends to form pure stands separated from other pure 
stands by narrow transition zones. 

The edaphic factor was considered of primary im- 
portance in the distribution of these shrub types. 
To determine whether changes in soil characteristics 
occurred concomitantly with changes in vegetation 
type, intensive soil studies were made in ten areas 
for each of the five species. To ascertain whether 
significant variation in the soil existed within areas 
occupied by pure stands, soil samples were taken 
from near the periphery of each area as well as in the 
center. 

During the summer of 1953, trenches 7.5 ft deep 
were dug in each of the types to allow a critical study 
of the soil profile. Soil samples for chemical analysis 
were collected from each layer of the profile. To 
find whether abrupt changes in soil characteristics oc- 
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curred concomitantly with changes in vegetation type, 
trenches also were dug across ecotones. 

Soil samples were collected during the summer of 
1954 from four depths, 0 to 6, 6 to 18, 18 to 36, and 
36 to 60 in., by using a soil auger. All samples col- 
lected were subjected to extensive chemical and 
physical analysis. 

A significant difference between plant types was 
found for only five of the edaphie factors studied. 
Soils under the five plant types differed significantly 
in total soluble salt, saturation extract conductivity, 
exchangeable sodium, 14 atmosphere percentage, and 
soluble sodium. 

Nuttall saltbush, greasewood, and shadseale were 
found on soils with the highest salt content with 
averages of 0.89, 0.83, and 0.53%, respectively. Sage- 
brush and winterfat were found on soils with the 
lowest salt content with means of 0.32 and 0.36%, 
respectively. In addition sagebrush and winterfat 
soils had the narrowest range in salt content. As 
expected, the saturation extract conductivity of the 
soils varied in a manner similar to total soluble salts. 
Soils under greasewood had the highest mean value 
for exchangeable sodium with 4.8 milliequivalents 
per 100 gm soil, Nuttall saltbush, shadscale, sage- 
brush, and winterfat followed in decreasing amounts 
with 4.3, 3.7, 2.6, and 2.5 milliequivalents, respective- 
ly. The field moisture capacity is a reflection of soil 
texture. Sagebrush was growing on soils with a 
mean 44 atmosphere percentage of 28.7. One-third 
atmosphere percentages were 28.5, 27.8, 24.4, and 
29.7 for greasewood, Nuttall saltbush, shadseale, and 
winterfat, respectively. The five types varied in 
amounts of soluble sodium from 719 ppm for sage- 
brush to 2,215 ppm for Nuttall saltbush. 

Most species had a relatively wide range for each 
of the significant soil factors. Although the means 
frequently differed significantly among the five vege- 
tation types, there was a common range of tolerance 
for all species for all soil factors. 

Because the density of vegetation occupying an 
area was thought to be a measure of the adaptation 
of that species to the edaphic factors, density studies 
were made in each area. However, statistical analysis 
showed little correlation between the various soil fac- 
tors and the density of the plants. The comparative- 
ly wide tolerance range of each of these species sug- 
gests the presence of ecotypic variation among 
species. The five species studied were found to be 
unreliable as indicators of specific soil characteristics 
but, in some instances, could be used for imposing 
upper limits and estimating averages to be expected 
for certain soil factors. 
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